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on  lattice  constant  and  ionicity.  It  is  conclude''  from  these 
studies  that  the  structure  of  the  most  photosensitive  s-20 
consists  of  a surface  layer  of  ^Cssb  upon  a base  layer  of 
Na^KSb  and  not  a monolayer  of  CS  upon  Na^KSb  as  we  commonly 
thought . 
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This  report  contains  work  extending  over  a four  year  period  on 
"Basic  Studies  of  High  Performance  Multialkali  Photocathodea"  employing 
the  technique  of  X-ray  Photoelectron  Spectroscopy  (XPS) . XPS  unlike 
Auger  Electron  spectroscopy  is  a non-destructive  technique  resulting  in 
a minimum  disturbance  of  the  surface  under  investigation.  It  provides 
information  of  a qualitative  and  quantitative  nature  on  charge  states 
and  bonding  unavailable  by  other  techniques.  We  have  exploited  this 
to  obtain  a correlation  between  photosensitivity  and  valence  to  obtain 
a fairly  clear  picture  of  the  electronic  structure  of  the  most  photo- 
sensitive surfaces.  It  is  the  first  time  that  this  technique  has  been 
used  to  investigate  these  materials.  For  this  purpose  we  have  constructed 
an  XPS  Spectrometer  with  a capability  of  permitting  interrogation  during 
any  stage  of  the  processing  schedule.  We  have  investigated  in  detail 
Cs^Sb,  Na2KSb,  and  Na2KSb(Cs) . Cesium  antimonide  photoemitters  (Cs^Sb) 
and  Na^KSb (Cs) , the  S20,  are  still  used  in  most  photoelectronic  devices 
inspite  of  the  large  amount  of  effort  that  has  gone  into  developing 
efficient  III-V  photocathode  surfaces.  This  was  the  primary  motivation 
for  undertaking  this  study. 

No  work  that  we  are  aware  of  has  studied  the  correlation  of  photo- 
sensitivity with  bonding  and  much  or  what  ir  reported  here  is  new.  We 
have  emphasized  in  this  study  the  concept  of  the  Auger  Parameter,  i.e., 
the  energy  difference  between  the  better  defined  Auger  electron  and 
photoelectron  peak  for  an  element,  which  gives  information  about  the 


extraatomic  relaxation  energy  due  to  valence  band  polarizability  at 
different  sites  in  the  crystal  lattice.  This  parameter  being  the 
difference  in  energy  between  two  peaks  automatically  eliminates  any 
surface  charging  effects  due  to  highly  resistive  surfaces. 

We  have  been  able  to  conclusively  demonstrate  that  the  most 
photosensitive  alkali-antimonide  surfaces  are  ionic  semiconductors, 
with  a direct  correlation  between  the  degree  of  ionicity  and  photo- 
sensitivity. We  also  show  the  dependence  of  photoemission  threshold 
on  lattice  constant  and  ionicity.  We  have  also  been  able  to  deduce 
using  electron  escape  depth  considerations  that  the  most  photosensitive 
S20  surfaces  consist  of  a surface  layer  of  K^CsSb  upon  a base  layer  of 
Na2KSb  and  not  a monolayer  or  two  of  Cs  upon  Na0KSb  as  is  commonly 
thought.  Na_KSb  with  a Cs  monolayer  produces  surfaces  of  'vlOO 

<<2  * *fl\ 

whereas  l^CsSb  upon  Na2KSb  gives  surfaces  >200 

To  make  this  report  as  readable  as  possible  most  of  the  theory 
and  derivations  are  relegated  to  appendices. 

This  work  was  supported  by  the  Army  Research  Office  in  Triangle 
Park,  North  Carolina  and  this  support  is  gratefully  acknowledged.  We 
would  like  to  thank  in  particular  Dr.  Horst  Whitman  of  this  office 
for  his  patience  and  consideration  throughout  the  tenure  of  this  grant. 
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I . INTRODUCTION 
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Since  the  discovery  by  Gorlich"  in  1936  that  cesium  antimonida 
has  a photosensitivity  several  orders  of  magnitude  higher  than  the 
phot^cathodoa  known  at  that  time,  the  compounds  of  antimony  with  the 
alkali  matal3  have  been  the  subject  of  considerable  technological 
and  scientific  research. 

2 3 

In  1955  Sommer  ' discovered  that  the  Na,  K bialkaii  antiinonide, 
Na2KSb,  has  even  higher  sensitivity  and  extended  spectral  response  (to 
the  red) . He  also  found  that  the  addition  of  Cs  to  the  Na^KSb  photo- 
cathode  improved  further  both  photosensitivity  and  spectral  response. 

The  Na2KSb (C3)  or  S20  photoemisaivo  surface  has  been  sinco  then  the 
most  efficient  photocuthode  in  technology  until  the  recent  development 
of  III-V  Negative-Electron  Affinity  (NEA)  photocathodes. 

Alkali  antimonide  photocathodes  as  Cs.Sb,  Na^KSb,  K,CsSb, 

Na^KSb (Cs)  are  still  very  important  in  tecluiology  because  of  their 
relatively  high  quantum  efficiency  combined  with  a simple  synthesis. 

The  fact  that  they  are  easily  produced  in  large  extended  areas  and 
their  high  efficiency  in  the  semitransparent  mode  make  them  irreplaceable 
in  image  intensifies  tubes  and  other  photoelectronic  imaging  devices . 

Decauae  of  the  great  chemical  activity  of  the  alkali  metals  and 
even  of  Sb,  alkali  antiinonide  photocathodes  have  to  be  processed  and 
leapt  in  very  hi  -h  vacuum,  their  photoelectric  properties  are  strongly 
influenced  by  contamination  from  residual  gases  and  substrate. 
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Their  processing  procedure,  found  by  trial  and  error,  are  bssed 
on  the  alkali  metal  vapor  pressure,  and  their  rate  of  diffusion  in 
antimony  and  alkali  antimonides , both  increasing  with  atomic  radius 
from  Na  to  03- 

Usually  the  larger  alkali  A‘  is  evaporated  on  a thin  film  of 

Sb  until  peak  photoreaponse , when  A^Sb  is  formed.  If  .^A'Sb  is  to  be 

formed  the  smaller  alkali  A is  then  evaporated  until  peak  photoresponse 

again.  This  has  been  proved  from  the  work  of  A.  Sommer  and  references 

3 

to  other  work  may  be  found  in  his  book.  The  temperatures  for  the  alkali 

vapor  reaction  with  the  substrate  are,  20Q-225°C  for  Na,  iaO-lSO^C  for 

K and  Kb  and  140- 170 "C  for  Cs.  At  these  temperatures  the  vapor  pressure 

-3 

of  the  corresponding  alkali  is  about  10  torr  and  the  diffusion  rate 
is  just  enough  to  displace  larger  alkalis  and  to  diffuse  into  the 
substrate . 

A summary  of  the  properties  of  the  alkali  antimonides  is  given  in 
Table  1.1.  These  properties  are  taken  from  reference  3.  A very 
thorough  and  complete  review  of  the  work  done  until  1968  is  also  given 
in  this  reference. 

The  crystal  structure,  found  from  X-ray  or  electron  diffraction, 
is  either  cubic  DO^,  Pig.  1.1,  or  hexagonal  Na^Sb,  Pig.  1.2.  The 
photoemission  threshold  is  measured  from  the  spectral  dependence  of  the 
photoemission  yield.  From  conductivity  and  absorption  spectra  the  band 


gap  can  be  determined. 


TABLE  1.1 


SuaHasy  o<  proportion  o t Alkali  Asifciiaonidft  Photooathode#  of  tfc*  typo  (KarR,HbrCs)^Sb 


CUBIC  DQ3- STRUCTURE  OF  Na?K Sb 


Pig  1.1  Cubic  DOy-  structure  of  st  alkali  antxmonides , 
showing  the  two  alkali,  nearest  neighbor  distances 


(arrows)  for  Sb. 
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HEXAGONAL  NOjSb  - STRUCTURE  OF  K2NaSb 


Pig  1.2 


) 
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Hexagonal  Na^Sb-structurs  of  some  alkali  anfcimonides, 
Na3Sb,  K^NaSb,  K^Sb,  Rb^Sb,  showing  the  three  alkali 
nearest  neighbor  distances  (arrows)  for  Sb. 
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Alkali  antiraonides  are  believed  to  be  a-type  or  p-type  semi- 
conductors because  of  excess  or  defect  of  alkali.  It  is  also  believed 
that  there  is  a correlation  between  cubic  and  p-type  alkali  antimonides . 
Good  photocathodes  are  cubic,  p-type  with  surface  states  producing 
favorable  band  bending  at  the  surface. 

Alkali  antimonides  haw  large  absorption  constants,  if  compared 
with  the  III-V  semiconductor  photoemitters , the  absorption  constant 
is  about  one  order  of  magnitude  larger  within  a few  tenths  of  an  aV 
from  the  absorption  edge.  They  have  also  large  refractive  indices 
about  3.0. 

Since  its  discovery  by  Sommer  there  lias  been  some  controversy 
about  the  role  of  Cs  in  the  Na2KSb(Cs)  photocathode  and  about  its 
structure . 

3 

Spicer  concluded  from  hi3  measurements  of  optical  and  photo- 
electric properties  that  Cs  forms  a monolayer  on  the  surface  of  Na^KSb. 
Mac  Carrol  at  al^  observed  a small  change  in  the  lattice  constanc 

O 0 

from  a « 7.73  A for  Ma^KSb  to  a =*  7.75  A for  NaKSb(Cs),  concluding 
o /.  o 

that  about  1%  by  voi.ume  of  C3  had  been  incorporated  in  the  volume. 

3 ° 

Nimomiya  et  al  found  a lattice  constant  of  8.7  A. 

3 

Hoene  reported  upon  the  chemical  analysis  of  S-20  photocathodss . 

He  found  that  the  Na  to  K ratio  was  significantly  smaller  than  2 to  1. 
The  Cs  content  was  higher,  about  10%,  than  normally  assumed. 


- 6 - 
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3 

First  the  scanning  electron  studies  of  Dowman  et  al  and  then  the 

3 

x-ray  diffraction  studies  of  Doli2y  et  al  , both  "in  situ",  of  the 

finished  photoemitting  surface  and  processing  of  S-20  photocathodes , 

finally  suggested  the  S-20  as  a polycrystalline , multiphase  composite 

structure  of  Na3Sb,  Na2KSb, 

also  show  the  large  variations  in  the  relative  amounts  present  of  each 

phase  depending  on  small  variations  in  the  processing  schedule. 

Not  too  much  attention  has  been  dedicated  in  the  past  to  elucidate  ' 

the  type  of  binding  in  alkali  antimonide  crystals.  The  proposed  models, 

involve  two  types  of  bonds  in  the  lattice  of  A^A'Sb.  (A2Sb)  forming 

3 

a covalent  structure  through  formation  of  (sp)  hybridized  orbitals  with 

fourfold,  coordination  typical  of  III-V  covalent  semiconductors  and  the 

* 

A'  ions  in  the  octahedral  holes  of  the  covalent  (A2Sb)  structure, 
bonded  ionically,  Thi.3  appears  to  be  the  prevailing  attitude  regarding 
these  surfaces.  And  it  is  in  thi3  area  that  our  efforts  were  concentrated. 

On  the  contrary  vfe  will  present  what  we  consider  fairly  conclusive 
evidence  that  the  most  photosensitive  alkali-antimonide  photocathodes 
are  ionic  semiconductors.  We  demonstrate  this  first  for  Cs^sb  and  then 
.later  for  the  S20. 

i 


K^NaSb,  K^Sb  and  KL^CsSb.  These  studies 


i 
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II.  EXPERIMENTAL  TECHNIQUES 
1.  introduction 


The  system,  which  has  been  developed  especially  for  processing 
and  XPS  study  of  alkali  antimonide  photocathodes,  is  described  in  detail. 
The  electron  energy  analyzer  was  obtained  from  Varian  Associates  and  is 
described  in  detail  in  the  literature.  As  such,  this  part  of  the 
apparatus  will  be  described  only  briefly. 

2.  The  Photocathode  Preparation  Chamber 

A schematic  diagram  of  the  chamber  ;s  given  in  Fig.  2.1.  It 
consists  of  a stainless~3teel  cylinder  13.0  cm  by  10.5  cm  dia.,  one 
end  of  which  can  be  sealed  by  a 6"  (15.2  cm.)  stainless-steel  conflat 
flange.  Metal-ceramic  feedthroughs  mounted  on  this  flange  are  used  to 
support  a standard  setup  for  photocathode  processing.  This  consists  of 
(i)  the  various  alkali  channels;  (ii)  an  antimony  bead  mounted  on  a 
nickel  wire;  and  (iii)  a stainless-steel  cylinder  2.5  cm  by  2 cm  dia. 
with  a 1 cm  wide  lip.  The  small  stainless-steel  cylinder  serves  the 
purpose  of  shielding  the  antimony  bead  from  alkali  deposits  and  also 
as  the  collecting  electrode  (anode)  which  allows  one  to  monitor  the 
photocurrent  while  processing.  The  channels  and  the  Sb-bead  are  heated 
electrically  from  the  outside.  The  alkali  metals,  because  of  their  high 
vapor  pressure,  reach  the  sample  surface  by  diffusion,  whereas  sb  atoms, 
being  less  mobile,  are  deposited  along  a line-of-sight. 


8 


A glass  bulb,  7.8  cm  by  5 cm  dia.,  closed  at  one  end  and  with 
two  2 cm  diameter  holes  opposite  one  another  and  0.5  cm  from  the  closed 
end,  covers  the  whole  arrangement.  The  purpose  of  the  bulb  is  to  iso- 
late the  sample  from  the  UHV  pump  to  a certain  extent  so  that  a 
sufficiently  high  vapor  pressure  of  the  alkalis  can  be  generated  and 
maintained  near  the  sample.  This,  however,  does  not  obstruct  the 
attainment  of  an  initial  ultra-high  vacuum  (3  x 10~^  Torr)  prior  to 
the  deposition  process,  as  the  pumping  can  proceed  through  the  open 
end  of  the  bulb.  The  two  2 cm  diameter  hole 3 are  necessary  for  the 
introduction  of  the  sample  want  and  its  subsequent  transfer  to  the 
analyzer  chamber  for  investigation.  The  bulb  is  surrounded  by  a 
cylindrical  oven,  which  is  constructed  out  of  1/1000"  (.0254  mm)  thick 
Molybdenum  foil  mounted  with  the  help  of  ceramic  stand-off  insulators 
on  another  stainless  steel  cylinder  10.5  cm  by  9 cm  dia.  with  a wall 
thickness  of  1/32"  (0.79  mm]  . The  latter  is  fixed  with  stainless- 
steel  legs  and  mounting  screws  to  the  ? ange.  The  oven  is  necessary 
to  achieve  the  proper  temperature  for  processing.  The  supporting 
cylinder  improves  the  efficiency  of  heating  by  cutting  down  the  radiation 
loss . It  has  three  3 cm  diameter  holes  on  its  curved  surface,  two 
facing  one  another  for  passage  of  the  sample  wand  as  mentioned  before, 
and  the  other  for  providing  a low-conductance  path  to  the  UHV  pump. 


iO 


The  above  design  permits  a rapid  dismantling  and  reassembly  of 
the  constitutent  parts  when  replacement  of  the  exhausted  channels  and/or 
the  Sb-bead  becomes  necessary.  The  flat  side  of  the  outer  stainless- 
steel  cylinder  opposite  the  6"  (15.2  cm)  flange  is  sealed  with  a stain- 
less-steel  plate  1/2"  (1.27  cm)  thick  and  on  which  a 2 3/4"  (6.99  cm) 
conflat  flange  has  been  welded.  This  flange  is  closed  by  a glass 
window  mounted  on  a similar  flange.  The  window  lets  light  into  the 
chamber  and  onto  the  sample  surface,  in  order  that  the  photocurrent  can 
be  measured  while  processing  continues. 

The  curved  aide  of  the  outer  cylinder-  has  al.30  three  ports 
terminated  by  2 3/4"  conflat  flanges.  Of  these,  two,  situated  opposite 
one  another,  permits  the  preparation  chamber  to  be  connected  through  a 
straight-through  valve  to  the  analyzer  chataber  on  the  one  side,  and 
through  a polyimide  low-conductance  seal,  to  the  backing  pressure 
chamber  on  the  other.  The  third  port,  at  right  angles  to  the  other  two, 
permits  connection  to  the  80  litres/sec.  UHV  pump.  Heating  tape  is 
wound  around  the  preparation  chamber.  In  addition  to  helping  one  carry 
out  a proper  degassing  of  the  inner  walls  of  the  chamber,  this  allows, 
in  conjunction  with  the  inner  oven  and  sample  heater,  the  temperature 
to  be  raised  to  a preset  value . 

3 . The  Sample  Wand 

The  sample  wand  permits  easy  transfer  of  the  sample  from  the 
preparation  chamber  to  tile  analyzer  and  vice  versa,  while  maintaining 
both  chambers  in  ultra-high  vacuum.  It  is  important  to  keep  the  two 
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chambers  separate  as  any  deposit  of  the  alkali  metals  on  the  analyzer 
parts  can  change  its  work  function  and,  as  a result,  its  calibration. 

The  wand  also  serves  to  hold  the  sample  heating  cartridge  and  the 
thermocouple  for  measuring  the  sample  temperature, 

A schematic  diagram  is  given  in  Pig.  2.1,  A stainless-steel 
tube,  1/2"  (1.27  cm)  outer  diameter  by  1.5  meters  long  and  .09S" 

(2.413  mm)  wall  thickness  is  welded  onto  a stainless-steel  "head" 
constructed  out  of  a stainless-steel  rod  of  the  same  diameter  and  2 3/4" 
(6.99  cm)  long.  The  other  end  of  the  rod  is  cut  longitudinally  into 
half  up  to  a length  of  1 1/8"  (2.86  cm).  The  flat  side  thus  obtained 
is  used  to  hold  the  sample  substrate  with  the  help  of  a 3/8"  by  5/8" 

(9.53  mm  by  15.88  mm)  stainl033~3teel  frame  and  mounting  screws.  It 
has  also  a 1/4"  (6.34  nua)  dia.  hole  drilled  at  the  center  to  allow 
light  to  be  incident  on  the  photocathode  from  the  substrate  side  when 
it  i3  to  be  u3ed  in  the  semitransparent  mode. 

The  heater  cartridge  and  the  tip  of  the  thermocouple  are  positioned 
inside  cylindrical  holes  drilled  inside  the  solid  stainless-steel 
head  so  that  they  are  situated  as  near  the  substrate  as  possible. 

This  ie  especially  important  for  the  thermocouple  as  it  is  necessary 
to  measure  the  substrate  temperature  as  accurately  as  possible  for 
proper  processing  of  the  photocathode.  The  cartridge  is  in  the  form 
of  a cylinder  1/4"  (.635  cm)  dia.  by  1"  (2.54  cm)  long  and  has  a 
capacity  of  100  watts . The  thermocouple  is  a standard  chromel-alumel 
type  mounted  inside  a stainless-steel  sheath  1/16"  (1.59  mm)  in  diameter. 
The  connections  for  the  cartridge  and  the  thermocouple  are  brought  out~ 
side  through  the  hollow  part  of  the  sample  wand. 
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4.  The  X-ray  Source 

The  X-tay  aource  was  designed  so  that  it  can  project  inside  the 
analyzer  chamber  with  the  anode  situated  &a  close  to  the  sample  surface 
as  practicable . This  is  to  ensure  a sufficiently  high  X-ray  intensity 
being  incident  on  the  sample. 

Figure  2.2  shows  the  arrangement . The  anode  is  a hollow  wedge- 
shaped  piece  of  copper , 1 3/4"  (4.45  cm)  long  and  with  a cross-section 
roughly  equal  to  1/4"  (.635  mm)  square,  on  which  highly  pure  (99.9999%) 
Aluminum  is  deposited  to  a thickness  of  about  25  vim  by  sputtering.  This 
particular  arrangement  is  used  to  provide  adequate  cooling  of  the  anode 
surface.  Hie  cooling  water  passes  through  two  1/4"  (6.35  mm)  copper 
tubes  welded  to  the  side  of  the  anode.  The  cathode  consists  of  two 

tungsten  filaments  .Qt>7"  (.18  mo)  dia.  and  1 1/2"  (3.81  cm)  long  situ- 

* 

ated  at  a distance  of  1/0"  (3.10  ram)  from  each  other  and  parallel  to 
each  other  and  the  anode.  There  is  a grounded  shield  of  tantalum  in 
between  the  anode  and  the  tungsten  filaments,  which  produces  a suitable 
distribution  of  field  lines  in  order  that  the  emitted  electrons  follow 
a curved  trajectory  and  strike  the  proper  (oblique)  face  of  the  anode. 
The  whole  assembly  is  encased  in  a grounded  stainless-steel  housing. 

The  purpose  of  the  housing  is  twofold;  first,  it  isolates  the  UHV 
analyzer  chamber  from  the  relatively  higher  pressure  present  (slO  Q 
Torr)  near  the  (hot)  X-ray  source.  Secondly,  the  positively  charged 
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Schematic  diagram  oi  tl>e  X-ray  source.  A,  Copper  Anode;  F. 
Tungsten  Filaments. 


anode  produces  a corresponding  negatively  charged  image,  the  repulsive 
effect  of  which  servos  to  confine  the  electrons  to  tho  space  between 
the  housing  and  the  anode.  Thu3,  thermally  emitted  electron.*!  which 
would  otherwise  be  lost  are  brought  back  and  forced  to  stride*  t ..  a 
anode,  thereby  increasing  tho  efficiency  of  the  X-ray  source.  Uw.  of 
the  two  separately  positioned  filaments  instead  of  only  on«i  vas  found 
necessary  to  covmtoract  the  space-charge  effects  which  ,>v  .vent  one  from 
drawing  a sufficiently  high  anode  current  (and  tnereby  obtaining  enough 
X-ray  intensity)  with  a reasonable  amount  of  heating  current  in  the 
cathode . 

The  anode  cooling  tube  (which  also  serves  as  the  electrical 
connection  to  the  anode)  and  the  cathode  terminals  ara  brought  out 
through  appropriate  ceramic  feedthroughs  mounted  on  a 6"  (15.2  cm) 
conflat  flange.  A bent  piece  of  standard  1 1/2"  (3.01  cm)  dia. 
stainless-steel  vacuum  tubing,  also  welded  to  the  flange,  connects  the 
assembly  to  a 20  .liter/sec.  Vacion  pump.  The  pressure  obtained  in  the 
X-ray  chamber,  after  pump-down  and  necessary  bakeout  was  6 x 10  8 Torr. 

A 12  K.V,  100  mA  Power  Supply  which  also  supplies  the  heating 
current  for  the  filament  was  obtained  from  Varian  Associates.  The  Power 
Supply  also  has  provisions  to  regulate  the  filament  heating  current  so 
that  the  anode  current  can  be  maintained  at  a constant,  prase*  value. 
With  a filament  current  of  5 amps,  an  X-ray  current  of  L00  mA  could  be 
easily  obtained  at  12  KV . 
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3.  The  Energy  Analyzer 


The  Electron  Energy  Analyzer  (EEA)  is  the  same  as  used  in  the 
Varian  TEE  spectrometer . It  consists  of  a double-sphere  electrostatic 
deflector  followed  by  a cylindrical  condenser.  The  spherical 
conductors,  which  occupy  the  region  between  polar  angles  (with  the 
sample-image  line  as  axis)  43°  and  135°,  have  diameters  of  6 1/2" 

(16.51  cat)  and  8H  (20.32  cm).  Th,*  cylindrical  condenser  has  the 
following  specifications!  inner  cylinder,  3 1/2"  (8.89  cm)  by  1 3/4" 
(4.45  cm)  dia.;  outer  cylinder,  4 1/2"  (11.43  cm)  by  3 3/4"  (9.53  cm) 
dia.  (all  of  the  above  figures  represent  outside  dimensions  for  the 
inner  electrode  and  vice  versa) . The  electrons  coining  from  th<  sample 
are  focused,  first  on  the  exit  slit  of  the  spherical  analyser,  and 
then  focused  again,  after  passage  through  the  condenser,  upon  the 
electron  multiplier.  To  provide  for  the  correciton  of  any  mismatch 
between  the  image  formed  by  the  spherical  analyzer  and  the  corresponding 
exit  slit,  a set  of  eight  sector-shaped  electrodes  are  used,  the 
potential  of  which  can  be  varied  individually  to  obtain  the  maximum 
sensitivity.  All  the  necessary  electrode  potentials  are  derived  from 
a Hewlett-Packard  6116A  Power  Supply  and  a suitably  designed  voltage 
divider.  By  changing  the  output  voltage  of  the  power  supply,  the 
nominal  voltage  for  which  the  analyzer  is  set  can  also  be  adjusted 
from  10-100  eV.  The  total  linewidth  is  approximately  1 eV  taking  into 
account  the  contribution  from  the  Alka  X-ray  line . 
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Fig.  2 . 3 Block  diagram  of  the  complete  experimental  set-up. 
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The  usual  method  of  recording  in  XPS  spectrum  i3  to  vary  the 
retarding  voltage  applied  to  the  photoeraithed  electrons  with  respect 
to  time keeping  the  analyzer  electrodes  at  a constant  potential. 

This  method  has  the  following  two  advantages:  (i)  the  resolution  of 
the  spectrometer  remains  the  same  at:  all  portions  of  the  spectrum? 
and  (ii)  the  net  dependence  of  sensitivity  is  inversely  proportional 
to  the  analyzer  energy,  which  means  that  retardation  has  an  enhancing 
effect  on  the  sensitivity. 

6 * The  Electron  Counter 

A block  diagram  of  the  counting  arrangement  appears  in  Fig.  2.3. 
'The  purpose  of  the  counter  is  to  develop  a voltage  which  is 
proportional  to  the  number  of  electrons  arriving  per  second  through 
the  analyser. 

An  EMI  9603/2&  type  electron  multiplier  tube  (KMT)  is  mounted 
inside  the  analyser  assembly  so  that  the  electrons  coming  out  of  the 
analyzer  are  focused  on  it.  The  d vnodes  of  the  EMT  are  connected, 
through  a resistor  chain  also  situated,  in  UKV,  to  a 4 kV,  500  uA  Power 
Supply . 

The  output  pulses  from  the  EMT  have  a height  of  the  order  of 
300  mV.  These  are  first  passed  through  a discriminator , which  has  an 
adjustable  J.ew.1  setting.  Tiros , only  those  pulses  which  have  a height 
equal  to  or  greater  than  a specified  value  (usually  100  mV)  appear  at. 
the  output  of  the  discriminator . The  discriminator  output  is  a series 
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of  pulsas  of  constant  height  (5  V)  . These  are  then  used  to  trigger  a 
one-shot  multivibrator,  whose  time  period  earn  be  varied  from  0.5  us  to 
400  us  in  12  approximately  equal  steps  (Pig.  2.4). 

The  DC  component  of  the  one-shot  multivibrator  output  is  a 
measure  of  the  repetition  frequency  of  the  pulses,  i.e.,  the  number  of 
electrons  arriving  tl  trough  the  analyzer  per  second.  These  are  fed 
into  an  active  filter  built  around  an  ME  536  op  Amp  (Fig.  2.5),  the 
time  constant  of  the  filter  being  variable  in  6 steps  from  20  seconds 
to  .1  aec.  The  filter  has  provision  for  offset  adjustment  of  the  out- 
put voltage  by  0.1  V.  The  filter  output  is  connected  to  the  Y- 
tarainals  of  an  X-Y  recorder  for  recording  the  XPS  spectra. 

7.  The  Variable  Retarding  Voltage  Generator 

The  retarding  (positive)  voltage,  applied  to  the  sample  cage  and 
the  sample  wand,  has  to  be  varied  over  a certain  range  to  scan  a 
definite  portion  of  the  photoemission  spectrum  of  the  3ame  width.  This 
is  achieved  by  connecting  a precision  variable  setting  power  supply  in 
series  with  a ramp  generator. 

The  power  supply  i3  a COHU  model  326  programmable  DC  voltage 
standard,  with  a precision  of  less  than  50  mV,  and  whose  output  can  be 
set  from  0 to  +1355  volt3  in  steps  of  1 volt.  The  ramp  generator  is 
shown  in  Fig.  2.6.  It  is  a simple  Miller  integrator  built  out  of  an 
Analog  Device  118A  precision  Op  Amp  and  an  RCA  40012  field-effect  tran- 
sistor. The  output  of  the  ramp  generator  varies  from  0 to  ICO  V with 
the  rate  of  increase  of  voltage  variable  from  25  V/sec.  to  .005/sec. 
in  12  roughly  equal  steps. 
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Fig.  2.6  Circuit  diagram  of  the  Linear  Voltage  Ramp  Generator. 


22 


8.  The  Sample  Cage 


The  Sample  Cage,  which  la  also  connected  to  the  variable  re- 
tarding voltage,  acts  as  an  electrostatic  shield  around  the  sample. 

In  this  way,  electrons  coming  out  from  different  parts  of  the  sample 
experience  the  same  retarding  potential.  The  cage  is  built  out  of 
.03"  (.76  mm)  thick  perforated  stainless-steel,  with  holes  cut  out 
in  it  to  permit  X-ray  and  UV  beams  to  be  incident  on  the  sample 
(Fig.  2.2)  . 

9.  Preparation  of  the  Photocathodea 

Fifteen  C3.Sb  photocathodes  of  25  - 100  |~v  ten  Na„KSb  of 
3 xjh  z 

30-50  twenty  Na_KSb(Cs)  (S20)  of  10Q-2S0  five  Na.Sb,  five 
z m j 

Na^Sb(Ca) , and  five  K^Sb  photoemitting  surfaces  were  studied.  They 
were  prepared  by  variations  of  the  techniques  described  by  A.  Sommer 
in  his  book  "Photoemissive  Materials".  Their  properties  are  described 
in  following  portions  of  this  report. 

Prior  to  the  actual  deposition  of  a photosurface,  the  preparation 
chamber  was  subjected  to  a degassing  bake-out  according  to  the 
following  schedule.  First,  the  current  in  the  three  heaters  were 
slowly  increased,  over  a period  of  about  six  hours,  until  the  temperatures 
of  the  outside  wall  of  the  chamber  and  the  substrate  reached  nearly 
250 °C  and  4QQ°C,  respectively.  The  channels  were  then  outgassed  by 
passing  currents  through  them  successively  until  they  fired  for  1 minute. 
The  channel  currents  wore  the  shut  off.  The  system  was  then  allowed  to 
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bake  out  for  24  hours  at  the  same  temperature  settings.  Finally,  the 
heating  currents  were  turned  down  so  that  the  proper  temperatures 
necessary  for  processing  were  reached. 
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III.  X-RAY  PHOTOEMISSION  STUDIES  OP  CESIUM  ANTIMONIDE  PHOTOEMITTERS 
I.  introduction 

I-*  (5 

X-ray  photoemission  spectra  (XPS)  of  cesium  antiaonide  photo- 
surfaces  prepared  in  uitrahigh  vacuum  on  pyrex,  auprasil  quartz  and 
stainless  3teel  substrates  have  been  measured.  The  experiments 
indicate  that  the  results  for  these  surfaces  are  the  same  for  cesium 
antimonide  photocathodes  as  well  as  for  the  S2Q.  Cesium  antimonide 
but  not  320  surfaces  were  also  prepared  in  an  HP  595QA  ESCA  spectro- 
meter with  monochroraatizad  AiKa.  Other  than  improved  resolution  (0.8 
eV  va.  0.6  eV)  with  the  HP  unit  no  differences  were  observed  between 
the  spectra  obtained  with  the  two  instruments.  The  spectral  yield 
measurements  were  taken  with  a- calibrated  tungsten  light  source  and 
filters.  Corrections  were  made  for  the  transmission  of  light  through 
the  glass  windows  on  the  vacuum  chambers  but  reflection  losses  were 
neglected.  Those  features  of  XPS  that  are  associated  with  a high 
photosensitivity  were  studied  in  the  following  manner.  A Cs^Sb  photo- 
surface was  prepared  and  then  progressively  destroyed  by  baking  it  at 
progressively  higher  temperatures  (>15Q°C) . This  was  done  because 
experiments  indicated  that  whether  the  photosensitivity  was  produced 

3 

by  "processing"  (these  procedures  have  been  discussed  previously  ) or 
heating  a processed  surface  to  produce  one  of  lower  sensitivity,  the 
results  are  essentially  the  same.  The  photosensitivity  and  the  XPS 
data  were  recorded  after  every  step. 
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2 . Results  and  Discussion 

A very  close  relationship  between  the  intensity  of  the  Cs5s- 
level  XJ?S  peak  and  the  photosensitivity  was  found  to  exi3t.  A 
high  photosensitivity  was  invariably  associated  with  an  extremely 
weak  CaSs  peak.  As  the  photosensitivity  dropped  as  a result  of 
baking/  the  Ca5s  peak  increased  in  intensity.  These  results  are 
shown  in  Fig.  3.1  where  the  ratio  of  the  area  under  the  CsSs  peak 
to  that  of  the  nearby  C3Sp  peak  is  plotted  as  a function  of  log^Q 
photosensitivity  in  micro  amps  per  lumen.  This  shows  an  almost 
linear  relationship  over  five  orders  of  magnitude  for  the  photo- 
sensitivity. 

Satellite  peaks  were  observed  very  clearly  on  the  lower-kinetic- 
energy  side  of  the  strongest  Cs3d  peaks,  and  less  prominently  to  the 
left  of  the  other  Cs  and  Sb  4d  peaks.  These  were  separated  from  .the 
main  peak  positions  by  about  7 eV.  They  were  also  obser.vable  most 
clearly  with  a good  photosensitive  surface.  They  were  identified  as 
being  due  to  excitation  of  plasma  oscillations  of  the  valence-band 
electrons  produced  by  the  passage  of  the  photoexcited  electron  through 
the  3olid.  An  attempt  will  now  be  made  to  explain  these  results. 

The  crystal  structure  of  Cs^Sb  was  originally  determined  by  Jack 
and  Wachtel.^  Their  structure  was  somewhat  disordered  compared  to  the 
one  that  i3  currently  accepted  as  being  associated  with  the  most 
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photosensitive  surfaces.^'3 We  show  the  latter  in  Pig.  3.2.  Ml 

research  to  date  has  described  the  roost  photosensitive  cs^Sb  as  a 

"normal  valency"  intennetallic  compound,  being  classified  as  neither 

7 

wholly  ionic,  nor  metallic,  Jack  and  W&chtal  had  some  of  the  03 
covalently  bonded  to  Sb  and  some  as  Gs  , This  is  the  commonly  accepted 
theory  for  this  surface.  Prom  a close  look  at  the  results  obtained 
with  XP3 , this  conjecture  does  not  appear  to  be  a correct  one  for  the 
following  reasons. 

The  loss  of  intensity  of  Cs5s  peaks  is  explained  as  being  due  to 

*4* 

Cs  being  present  in  the  substance  mostly  as  cs  ions.  Cs  and  Sb  have 
a fairly  large  electronegativity  difference  (1.2).  Thus  there  is  a 
strong  tendency  for  charge  separation  from  the  Cs  to  the  Sb. 

The  photoexcitation  of  a 5s  electron  in  ca+  ion  is  accompanied 
by  a large  probability  of  configuration  interaction  (Cl)  of  the  excited 
state  with  a large  number  of  possible  final  states  which,  although 
having  the  same  values  of  the  quantum  numbers  L,S (total),  differ  in  their 
individual  electronic  configuration.  Since  the  alkali  metal  ions  are 
isoelectronic  with  the  rare  gases,  one  expects  from  atomic  considerations 
similar  behavior  with  regard  to  the  production  of  satellite  structure. 

Similar  existence  of  strong  satellites  with  accompanying  loss  of 
intensity  of  the  main  peak  have  been  observed  in  other  alkali  ions 
in  the  alkali  halides  and  in  closed-shell  atoms  such  as  Xe.  Xe  is 
isoelectronic  with  Cs  and  the  peak  positions  and  intensities  are  found 
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II 

9.12  A 


The  Crystal  Structure  oil  Co^Sb. 
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to  match  very  wall  (Pig.  3.3).  we  do  not  observe  the  satellites  in 
cesium  antimonide  because  o£  the  presence  of  the  Sb4d  that  obscures 


them. 

The  fact  that  in  a good  Cs^Sb  photocathode,  the  Cs5s  peak  is 
quite  weak  indicates  that  almost  all  of  the  Cs  is  present  as  Cs  ions. 

Cs  metal  itself  has  a fairly  strong  5s  peak.  Thus,  if  any  nonionizad 
Cs  were  present  a reasonably  intense  Cs5s  peak  would  be  observed.  Xt 
is  probable  that  as  the  photosurface  is  destroyed  by  baking,  Cs  ions 
diffuse  towards  the  surface,  giving  rise  to  a thin  surface  film  of 
metallic  Cs  which  is  responsible  for  the  gradual  rise  in  the  Cs5s  peak 
intensity  with  decreasing  photosensitivity .10  This  agrees  with  our 

m 

observations  that  as  the  surface  i3  destroyed  by  baking,  the  Cs  and 

% 

Sb  shift  to  their  free  metal  values. 

4 

W.  E.  Spicer  found  in  his  photoconductivity  studies  on  Cs^Sb 
photoemitters  ionic  conduction  to  be  the  overwhelming  conduction  taking 
place  , 

We  measured  the  Auger  parameters11  for  Cs  in  CsX  thin  films  and 
Cs  in  the  photosensitive  Cs^Sb  surfaces  and  found  191.0  eV  and  190.25 
eV  respectively,  both  results  evidence  for  the  CsT  model  we  are  proposing. 

Jr 

We  also  note  in  passing  that  we  have  been  referring  to  Cs ' as  though 
whole  electronic  charges  are  transferred.  What  we  really  mean  is  that 
the  dominant  character  is  ionic  with  M).6  to  0.0  electronic  charges 
being  transferred  as  in  the  case  of  CsAu,  an  ionic  semiconductor,  where 
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the  calculated  charge  transfer  from  tha  Cs  to  the  Au  was  found  from  the 

12 

experimental  data  t.o  tee  MG.  6+0. 2)  electronic  charges* 

Additional  evidence  for  the  ionic  ctiaracter  of  cesium  antimonide 
is  given  in  Fig.  3.4  where  we  show  the  XT'S  data  for  the  valence  band 
and  the  Cs5p,  Ca5s,  and  Sb4ds  core  levels  for  a good  cesium  antimonide 
photoemitter.  As  can  be  seen  from  the  figure  the  valence  band  (Sb5p) 
is  approximately  2 eV  wide.  This  is  to  be  contrasted  with  the  valence 
band  for  Sb  metal  which  is  approximately  5.5  eV  in  width.  The  shape 
and  width  of  the  valence  band  can  be  compared  with  the  valence  band  of 
T-aSh  which  is  also  triangular  in  shape  and  2 aV  wide.13  ha  Sb  is  an 
ionic  compound  with  the  rock  salt  crystal  structure . There  is  a 
reasonably  clear  splitting  of  about  0.4  eV  in  the  XP3  data  corresponding 
to  the  two  different  types  of  Cs-atoms  (marked  I cid  II  in  Fig.  3.2)  . 
This  is  shown  in  Fig.  3.5  for  the  Cs4d  doublet.  Experiments  performed 
on  the  HP  5950  ESCA  spectrometer  with  rauuochromatized  AUKo  on  two  good 
cesium  antimonide  surfaces  with  one  Inclined  22-1/2°  with  respect  to 
the  other,  showed  that  the  same  two  Cs>  configurations  existed  in  the 
surface  region  as  well  as  in  the  bulk.  If  there  is  an  additional  Cs 
configuration  on  the ^surf ace , the  present  teclinique  is  not  capable  of 
revealing  it,  either  through  lack  of  resolution,  or  it  is  obscured 
(because  of  its  low  intensity  by  the  main  cesium  peaks. 

The  inherently  large  width  CM. 4 ev  at  half -maximum)  of  the  XPS 
peaks  made  any  definite  conclusion  about  the  extent  of  band-bending 
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Fig.  3,4  Valence  Band  and  some  Core  Level  Peaks  of  a 
good  Cesium  Antimonide  PhotoemiCter. 
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NUMBER  OF  COUNTS  (ARB.  UNITS) 
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BINDING  ENERGY  (eV) 


Fig.  3,5  Cs4d  Doublet. 
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at  the  surface  of  the  photoemitter  somewhat  tenuous.  A band-bending 
of  0.5  eV,  which  might  produce  a large  change  in  the  photoemission 
threshold  and  the  yield,  would  barely  be  detectabla  by  our  raathod. 

We  have  noted  the  following  however.  The  shifts  of  all  cesium  core 
levels  measured  (3d* a 4d*s,  5s  and  5p)  were  all  negative  with  respect 
to  the  free  metal  binding  energy  value.  The  shift  w*s  1 eV  for  surfaces 
with  photosensitivities;,  in  the  10Q  tais  ~ range  (good  to  fair 
photoemitters)  and  0.75  eV  for  surfaces  with  photosensitivities  of  3 
to  5 (poor) . As  the  photosensitivity  decreased  to  very  small  values 

— O ua 

(10  —)  both  cesium  and  antimony  core  levels  shifted  to  their  free 

aJTL 

metal  binding  energy  values,  indicative  of  a separation  of  cesium  and 

antimony  into  separate  layers  with  the  cesium  as  the  surface  layer. 

Here  one  can  no  longer  speak  of  a cesium  antimonide  photoemitter. 

The  band-bending  region  in  cesium  antimonide  photoemitters  has 

» » 10 

been  estimated  to  be  ^*50  A to  100  A in  depth.  An  XPS  samples  depths 
of  ^20  A it  is  vory  difficult  using  this  technique  to  determine  the 
effects  of  band-bending.  However,  one  might  infer  its  effect  from  the 
0.25  eV  change  in  binding  energy  as  the  photosensitivity  varied  from 
100  to  5 ~ . But  as  structural  changes  are  most  likely  occurring  over 
this  range  of  photosensitivity  also,  it  may  not  be  possible  to  determine 
the  effects  of  band-bending  alone  on  photosensitivity  without  measuring 
it  separately  such  as  with  a kelvin  probe. 
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It  is  o£  interest  that  the  cesium  binding  energy  i3  smaller'  in 


the  compound,  relative  to  the  free  metal,  where  because  of  the 

charge  transfer  of  a large  fraction  of  an  electronic  charge  to  the 

antimony  you  would  expect  a larger  one.  This  is  not  an  isolated 

incident.  For  example,  the  Pb4f  binding  energy  of  Pb<>2  ia  lower  than 
14 

that  of  Pho  despite  a more  positive  charge  expected  to  reside  on  the 
Pb  of  Pboz  compared  to  that  on  the  Pb*  ion  of  PbO.  Another  example 
are  the  Nals  binding  energies  in  Na  metal,  Nal  and  NaF , The  latter 
two  are  lower  by  about  1 and  3 aV,  respectively  despite  the  positive 
charge  expected  to  reside  on  the  Na  atom  in  the  two  very  ionic  compounds 
In  solids  with  predominantly  ionic  bonding  as  exists  in  good  cesium 
ant  naan ide  photoemitters,  the  polarization  energy  will  be  large  and 
since  the  binding  energy  will  be  reduced  by  a corresponding  amount  it 
is  quite  possible  that  a smaller  binding  energy  in  the  solid  will  occur 
for  an  electron  in  an  atom  than  when  the  atom  i3  free.  This  could 
explain  the  negative  shift  of  the  cesium  core  levels  with  respect  to 
the  free  metal  values.  We  cannot  discount  the  fact  that  in  these 
experiments  we  have  chosen  the  Fermi  level  as  our  reference  energy. 

As  this  energy  at  the  surface  of  a semiconductor  can  vary  considerably 
the  negative  shifts  could  be  a reflection  of  these  variations.  A 
better  reference  for  these  measurements  would  be  the  vacuum  level  which 
would  require  measuring  the  position  of  the  Fermi  level  at  the  surface. 
These  uncertainties  concerning  core  do  not  affect  the  results  of  this 
work. 
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Using  Scofield's  photoionization  cxroaa  section  data  we  obtain 
Cs  » 

^ » 2.8  - 2.9.  This  indicates  a stoichiometric  excess  of  sb  over 
cesium  from  that  given  by  Cs^Sb.  Thi3  is  consistent  with  the  model 
of  this  surface3  in  which  acceptor  levels  due  to  a slight  stoichio- 
metric excess  of  Sb  are  responsible  for  the  long  wavelength  threshold 
occurring  at  a value  slightly  below  the  1.6  eV  bandgap  value.  This 
result  is  shown  in  Fig.  3.6.  where  the  spectral  yield  of  a typical 
cesium  antimonide  photoemitter  produced  in  our  experimental  arrangement 

4 

is  compared  with  one  from  Spicer's  worlc. 

It  is  interesting  to  note  that  Cs^Sb,  although  having  predominantly 
ionic  character,  has  a low  bandgap  of  1.6  eV.  The  energy  difference 
between  the  Cs6s  and  the  SbSp  (outermost)  energy  levels  i3  ahout  3.7  eV. 

One  can  explain  the  observed  low  bandgap  by  noting  the  close  proximity 

+ » 
of  the  Cs  ions  among  themselves  (nearest  neighbor  distance  - 3.96  A) 

which  splits  and  broadens  the  Cs6s‘ levels,  so  that  the  bottom  of  this 

(conduction)  band  is  lowered  towards  the  top  of  the  valence  (Sb5p)  band. 

To  demonstrate  the  validity  of  this  assertion,  we  show  in  Fig.  3.7 

a band-structure  calculation  of  the  r - L part  of  the  reciprocal  lattice 

17 

of  Cs^Sb  performed  by  Walter  Harrison  according  to  his  Bond-Orbital 

model.  Basically,  it  is  a tight-binding  calculation  taking  into  account 

only  the  Cs6s  and  SbSp  states,  and  interactions  between  nearest  neighbors 

and  next-nearest-neighbors  only.  The  energy  eigenvalues  are  obtained 

from  Hartree-Fock  (Kermann-Skillman)  calculations.  In  Harrison's  model, 

-2 

the  interaction  matrix  elements  vary  with  internuclear  distance  d as  d 
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ELECTRON  PER  PHOTON 


h (ev ) 

Fig.  3.6  Spectral  Yield  of  Cesium  Antlmonide  Photoemitter.  , 


However , use  of  the  same  proportionality  constants  that  are  found  to 

18 

apply  for  most  of  the  compounds  as  given  by  Harrison  pushes  the 
bottom  of  the  Cs6s  band  below  the  top  of  the  SbSp  level,  leading  to 
zero  bandgap , i.e.,  metallic  behavior,  which  is  not  the  case.  The 
s-s  matrix  elements  were  thus  3caied  by  a factor  of  0.47  in  order  to 
give  the  correct  value  of  the  bandgap.  This  is  justified  by  the  fact 
that  Cs  compounds  do  not  fit  quantitatively  very  well  into  the  general 
scheme  of  the  Bond-Orbital  model.  Figure  8 is  only  presented  to  show 
how  the  interaction  between  Cs  atoms  can  decrease  the  bandgap  by  such 
a large  extent.  The  fact  that  this  interaction  has  to  be  scaled  by  a 
factor  of  2 so  that  the  bandgap  does  not  collapse  to  zero  lends  further 
support  to  the  above  argument. 

This  combination  of  the  two  characteristics  usually  not  found 
together  (lonicity  and  small  bandgap)  is  perhaps  what  makes  CSjSb 
(and  other  alkali  and  multialkali  antimonides)  a sensitive  photoemitting 
substance.  The  small  bandgap  makes  it  possible  to  excite  electrons  in 
the  conduction  band  with  visible  light.  The  ionic  character  ensures  a 
rapid  rise  of  the  optical  absorption  coefficient  at  the  threshold, 
resulting  in  the  electrons  excited  very  near  the  surface  (at  distances 
of  the  order  of  the  escape  depth)  and  also  making  the  effect  of  nonunifonnities 
in  the  substance  less  important. 
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XV.  BOND  IONICITY  AND  ELECTRONIC  STRUCTURE  OP  ALKALI  ANTIMONIDE 
PHOTOCATHODES  FROM  XPS 

4.1  XPS  Spectra  of  Valence  Band  Region 

Typical  valence  band  region  spectra  for  some  alkali  antimonide 

photocathodes  are  shown  in  Figs.  4.1  to  4.5.  Identified  structures 

are  labeled.  The  Sb4dj^2  CsSp^2  3^2,  K3p  are  clearly  core-like 

with  very  little  broadening  apart  from  spin-orbit  doublet  splitting 

(0.5  eV)  and  instrumental  resolution.  The  Na2p  level  just  happens  to 

be  under  the  Sb4d  peak.  The  valence  band  has  been  labeled  Sb5p  since, 

it  is  essentially  the  atom-like  5p  levels  of  Sb,  strongly  localized  on 

the  Sb3  ions. 

The  valence  band  is  quite  flat  and  very  well  separated  from  the 
Sb5s  level  and  the  less  bonded  alkali  p levels.  The  Cs6s,  K4s  and 
Na3s  levels  should  be  at  a few  eV  above  Sb5p  levels  forming  the  * 

conduction  band.  The  apparently  no  admixture  of  alkali  ion  levels 
into  the  valence  band  formed  by  the  Sb5p  levels  would  require  the 
transfer  of  almost  one  electron,  showing  the  strong  ionic  character  of 
alkali  antimonides. 

The  possibility  of  a covalent  bond  through  formation  of  (30) 3 

hybridized  orbitals  is  completely  rejected. 

For  comparison,  the  XPS  valence  band  region  spectrum  of  a typical 

ionic  solid,  csl,  is  shown  in  Fig.  4.6,  taken  also  in  our  spectrometer. 

The  similarity  with  alkali  antimonide  spectra  is  clear,  in  particular 

with  respect  to  Cs^Sb,  due  to  the  iso-electronic  structure  of  I and 
. 3-  . 

So  10ns . 
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Pig  4.1 


XPS  oil  Valance  uand  region  of  Cs^S'd.  Fermi  level  as  reference 


Fig  4.3 


Fig  4.4  XPS  of  Valence  Band  region  of  Na3Sb(Cs) . Fermi  level  as  reference 
Probably,  Na  Sb  bulk  and  Ha^sSb  surface  layer. 
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Fig  4.5 


XPS  of  Valence  Band  region  of  Na^KSbtCs)  . Fermi  level  as  reference 
Probably,  Na^KSb  bulk  and  Na^CsSb.K^CsSb  surface  layer 
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Fig  4.6  XPS  of  Valence  Band  region  of  Csl.  Fermi,  level  as  reference 
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As  a comparision  the  spectrum  of  Sb,  a semimetal,  is  shown  in  Fig. 
4.7.  The  broadening  of  the  valence  band  and  interaction  with  the  5s 
levels  are  clear. 

For  further  illustration  the  valence  and  conduction  band  density 

19 

of  states  in  Cs3Sb  as  determined  by  Spicer  and  the  valence  band  of 

20 

Sb  metal  from  XPS  by  Ichikawa  are  shown  together  in  Fig.  4.8. 

4.2  Analysis  of  Electron  Binding  Energies  from  XPS 


4.2.1  Sodium  in  Alkali  Antimonides . Comparison  with  Alkali  Halides 


Table  4.1  lists  experimental  Hals  absolute  binding  energies 
(referenced  to  the  vacuum  level)  and  Auger  parameters  for  alkali  halides 
and  antimonide  photocathodes,  for  Na  metal,  atomic  Na,  and  Na+  free  ion. 
Both,  from  our  experimental  results  and  from  data  in  the  literature 


(photoelectron  and  X-ray  data)  relative  binding  energies  among  orbitals 
in  an  atom  are  constant  within  experimental  error  (0.5  eV) , independent 
of  atomic,  ionic  or  metal  state,  in  agreement  with  the  point  charge 
electrostatic  approximation.  These  relative  binding  energies  have 
been  used  whenever  the  Nals  level  (or  iQp^^'  Cs3d5/2'  St,3d5/2'  below^ 
was  not  directly  given  in  the  literature . 

Photocathode  Nals  binding  energies  were  obtained  from  our 
experimental  measurements  referenced  to  the  valence  band  peak,  plus  1.5 
eV  for  valence  band  width,  plus  3.0  eV  for  photoemission  threshold.  A 
valence  band  width  of  1.5  eV  is  in  agreement  with  our  XPS  data  and  known 
values  for  ionic  soiids . The  photoemission  threshold  given  in  the 


literature,  2.0  eV  for  Na?KSb  and  1.5  eV  for  Na^KSb(Cs),  were  measured 
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BINDING  ENERGY  eV 

Fig  4-8  Comparison  of  Valence  Band  region  in  rhcmbohedral  Sb  “ 

19 

and  Cs^Sb,  Reference:  vacuum  level.  The  Average  Baj 4 

Gap  between  Sb5p  (VB)  and  Cs6s  (CB)  appears  to  be  »*^3.  eV 
in  Cs.Sb. 


for  photon  energies  in  the  CJV  and  Visible  range  with  photoemission 
escape  depths  at  least  one  order  of  magnitude  larger  than,  in  XPS , 
and  include  band  bending  effects  and  K^CsSb-surface  layer  effects  for 
Na^KSbCCs)  (see  next  section). 

The  Made lung  crystal  potential  for  the  cubic  DO^  structure  is 
calculated  in  Appendix  D and  its  value  for  Na  in  Na^KSb  is  shown  in 
Table  4.1. 

2 1 

Crystal  electronic  polarization  energies  e i(l«l/e)/r  were 

computed  for  a refractive  index  n»3.0  and  polarization  effective 

radius  r=0 .5  R.  The  values  of  n are  known  to  vary  from  sample  to 

sample,  probably  due  to  errors  in  thickness  measurements,  from  2.5 

27 

to  3 . 5 . In  Mott  and  Littleton  treatment  of  polarization  energy  the 
polarization  effective  radius  for  cations  is  about  0.6R  in  alkali 
halides,  and  somewhat  smaller  for  Ha,  so  the  extreme  value  0.5R  has 
been  used. 

Extraatomic  relaxation  energies  calculated  from  Auger  parameter 
shifts  are  also  shown  in  Table  4.1.  They  seem  to  be  a little  larger 
than  values  predicted  by  Mott  and  Littleton  theory  even  for  r*0.5R. 

Table  4.1  lists  also  calculated  binding  energies  for  the  sodium 
halides  and  alkali  antimonide  photocathodes  predicted  by  the  point 
charge  electrostatic  model  assuming  total  ionicity  and  extraatomic 
relaxation  energies  both,  measured  from  Auger  parameter  shifts,  and 
calculated  from  crystal  electronic  polarizability. 
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For  the  alkali  halides  a very  good  agreement  is  obtained  between 
experimental  and  calculated  values.  Thi3  not  only  proves  the  validity 
of  the  ionic  model  for  alkali  halides,  but  also  proves  the  validity 
of  the  approximation  jAa  » E^  for  the  extraatomic  relaxation  energy. 

For  the  alkali  antimonide  photocathodes  the  absolute  binding 
energies  are  approximately  explained.  The  difference  of  1.0  - 1..5  eV 
has  no  quantitative  meaning,  since  the  absolute  binding  energies  are 
not  exactly  known  and  large  errors  are  probably  involved  in  their 
somewhat  arbitrary  estimation.  There  is  no  total  ionicity  and  charge 
transfer  is  less  than  1.0,  but  it  cannot  be  estimated  from  absolute 
binding  energies. 

In  order  to  avoid  systematic  errors  in  absolute  binding  energies, 

charge  transfer  may  be  calculated  from  Nals-Sb3d,.^2  relative  binding 

energies,  that  are  directly  measured  from  XPS  spectra.  In  this  case 

3- 

the  Sb3d^2  binding  energy  for  the  Sb  ion  is  not  known  experimentally, 
but  it  may  be  extrapolated  from  known  values  for  atomic  Sb  and  sb  , Sb 
free  ions,  see  Section  4.2.4  and  Table  4.4. 


Thus,  for  Na^KSb,  from  our  experimental  XFS  data  and  from  data  in 
Tables  4.1  and  4.4 

Hals, Sb3d5^2AEQ (free  ion  - atom)  = kq  3 31  eV  (q=l) 

A(Aq$/R)  - AE„  = -28. Aq  - 2.7  (eV) 

Nals,Sb3d2y2AEQ (Na2KSb  - atom)  = -0.2  eV 

* 31Aq  - 28Aq  - 2.7  (eV) 
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Therefore,  if  about  the  sane  charge  transfer  is  assumed  for  K 


Aq  =■  0.8 


This  value  is  expected  to  be  just  an  approximate  estimation 
since  this  calculation  is  very  sensitive  to  3m* 11  errors  in  the 
binding  energies,  Aq  is  obtained  from  the  difference  of  two  large 
quantities  M.0  and  the  Sb  3d^^2  binding  energy  is  not  exactly 
known.  But  it3  value  is  expected  to  be  512  eV  (Table  4.4)  or  more 
since  the  ionic  radius  increase  significantly  from  Sb°  to  Sb3  . Thus 
the  charge  transfer  should  be  at  least  0.8. 

This  charge  transfer  may  be  compared  with  expected  ionicity. 

The  Pauling  definition  of  ionicity,  based  on  elemental  electronegativities 
(calculated  from  empirical  heats  of  formation) , yields 


fP  - i - ff«*f(-r(xsb-V,2)  * °-3 


from  3C_  =1.9,  X„  »0.9,  N®1,  M»4,  for  Na  with  valence  1 and  four  Sb 
Sb  Na 

nearest  neighbor  ions.  This  relatively  large  ionicity  would  imply  a 
large  charge  transfer  in  good  agreement  with  our  estimation. 

If  a 0.8  charge  transfer  is  assumed,  the  calculated  absolute 
binding  energy  is 


Nals  Eb  = 107S.9  eV 


for  Na^KSb 
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4.2.2  Potasium  in  Alkali  Antimonides . Comparison  with  Alkali  Halides 


Table  4.2  summarizes  an  analysis  of  binding  energy  data 

analogous  to  the  one  done  for  Nals  in  previous  section.  In  this  case 
only  the  Auger  parameter  for  KR  is  well  known.  The  Auger  parameter 
for  KC1  has  been  calculated  from  photoelectron  and  Auger  data  from 
different  workers,  thus  it  is  subject  to  larger  errors.  In  order  to 
estimate  the  unknown  value  of  the  Auger  parameter  for  atomic  K,  it 
has  been  calculated  to  fit  experimental  data  for  KF  and  KC1.  Values 
in  Table  4.2  calculated  using  this  estimation  are  shown  in  parenthesis. 

Photocathode  K2p^2  binding  energies  were  obtained  from  our 
measurements  referenced  to  the  valence  band  peak,  plu3  1.5  eV  for 
valence  band  width,  plus  3.0  eV  for  photoemission  threshold,  as  was 
discussed  in  the  case  of  Na,  above. 

Crystal  field  energies  were  calculated  from  known  values  of 
lattice  and  Madelung  constants  for  K halides,  and  in  Appendix  D 
for  the  photocathodes.  For  Na^KSb (Gs)  the  Madelung  potential  was 
calculated  for  K^CsSb. 

As  in  the  case  of  Na,  the  agreement  between  experimental  and 
calculated  binding  energies  for  the  alkali  halides  is  very  good. 

For  the  alkali  antiaonides,  the  difference  between  calculated 
and  experimental  values  seems  mostly  due  to 

a)  the  calculated  extraatomic  relaxation  energies  ~&a  are 

”4*  4* 

too  small  compared  with  values  for  Na  , in  spite  of  Na  and  K radii 
are  comparable  with  respect  to  Sb^  radius,  moreover,  relaxation  energies 
for  Cs  are  even  larger,  see  section  4.2.3  below.  This  might  be  due 
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to  erorr  in  the  estimation  of  atomic  K Auger  parameter.  And 

b)  the  theoretical  Madclung  crystal  potential  at  the  K site  in 
the  Na?KSb  structure  ia  very  smalls  about  2 ev  smaller  than  at  the 
Na  site,  such  a difference  wo  aid  be  noticeable  in  XPS  of  Cs^Sb,  but 
this  is  not  the  case.  This  will  be  discussed  further  below. 

Thus,  assuming  Ep  *>  4.5  eV,  and  for  Ha^KSbCCs)  an  intermediate 
value  Aq$/R  * 6.5Aq  eV,  the  calculated  binding  energies  for  Aq  » 0.8 
are 

K2e>3/2EQ  * aV  calculated  for  N»2KSb 

* 296.9  eV  calculated  for  K2CsSb  in  Na2KSb(C3) 

in  relatively  good  agreement  with  experimental  values  in  Table  4.2. 
Experimental  relative  binding  energies  are 

Sb3d5/2,K2p3/,2AEB  - 233.1  eV  exp.  for  Na2KSb 

® 233.4  eV  exp.  for  Na2KSb(Cs) 

* 232.9  eV  exp.  for  K^Sb 

Using  the  same  assumptions  as  before,  the  calculated  values  are 


Sb3d5/2, 


K2p^AE  * 234.1  eV  calculated  for  Na2KSb 

* 232.4  eV  calculated  for  Na?KSb(Cs) 


The  difference  from  experimental  values,  about  1 aV,  is  comparable 
with  errors  involved. 
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4.2.3  Cesium  in  Alkali  Antimonidea . Comparison  with  Alkali  Halides 


Table  4.3  summarizes  an  analysis  of  Cs3d5^,2  binding  energy  data 
analogous  to  the  ones  done  in  previous  sections.  In  this  case  no 
Auger  parameter  data  is  available  in  the  literature.  The  only  available 
data  are  from  measurements  in  our  laboratory  on  Csl  and  Ca  vapor 
deposited  on  stainless  steel.  The  Auger  parameter  of  atomic  Cs  has 
been  calculated  to  fit  experimental  data  for  Cal  and  Cs  metal.  Values 
in  Table  4.3  calculated  using  this  estimation  a.  shown  in  parenthesis. 

Photocathode  Cs3d^2  binding  energies  were  obtained  from  our 
measurements  referenced  to  the  valence  band  peak,  plus  1.5  eV  for 
valence  band  width,  plus  3.0  aV  for  photoemission  threshold,  as  was 
discussed  in  the  case  of  Na,  above . 

2 1 

Crystal  polarization  energies  e 1-1/e )/r  were  calculated  for 
n=3 . Q and  r**0.6R,  following  Mott  and  Littleton  theory. 

For  the  alkali  antimonides,  the  Madelung  crystal  potential 
calculated  for  the  two  possible  sites  in  the  cubic  DO^  structure, 
Appendix  D,  means  an  energy  difference  of  about  2 eV  that  is  not  3hown 
in  the  XPS  spectra  of  Cs^Sb,  where  even  a difference  of  1 eV  would  be 
noticeable  in  the  peak  width.  So,  either  the  charge  transfer  or  the 
ion  position  or  both  are  self  adjusted  to  produce  the  same  binding 
energy.  Therefore,  an  intermediate  value  for  the  Madelung  potential 
has  been  calculated  in  Table  4.3.  In  the  case  of  Na^KSMCs)  the  crystal 
field  was  calculated  for  K^CsSb,  the  relatively  good  agreement,  shown 
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with  experimental  values  supports  the  theory  of  Cs  in  K^CsSb  Phase  for 
Cs  in  Na2KSb(Cs>  photocathodes  (next  section) . 

For  the  Cs  halides  nearly  total  ionicity  explains  the  observed 
shifts  within  experimental  error,  as  in  the  studies  of  Na  and  K 
halides  before. 

For  the  alkali  antiaonide  photocathodes  the  agreement  between 
calculated  and  experimental  values  is  relatively  good.  For  a charge 
transfer  of  Aq>-0.8,  the  calculated  values  are 


Cs3d5/2  =«  729.3  eV 

= 728.9  eV 


calc,  for  Na2KSb(C3) 
calc,  for  Cs^sb 


and  the  agreement  is  again  very  good. 

From  our  experimental  measurements , the  Cs,  Sb  relative  electron 
binding  energies  are 


CSM5/2'SbM5/2“B 


199.1  aV  exp.  for  Na2KSb(Cs) 
♦ 

199.6  Na^Sb(Cs) 

198.6  Cs^Sb 


The  calculated  values,  for  Aq*>0.8,  are  (see  Table  4.4)  . 


Cs3d5/2,Sb3d5/2  Eq 


199.9  eV  calc . for  N&2KSb(Cs) 

200.7  Cs^Sb 


00  - 


The  larger  disagreement  for  Cs^Sb  could  be  explained  by  more  ionicity 
and  charge  transfer  in  this  case. 

4.2.4  antimony  in  Alkali  Antimonidea . Photoemission  Threshold  Dependent 

( 

on  Lattice  Constant  and  Ionicity 

From  available  5p  binding  energy  data  for  free  Sb+,  sb°,  and  Sb  , 

3- 

a value  for  Sb  free  ion  may  be  extrapolated 

Sb+3d,.^,2  Eg  » +7.9  eV  (experimental) 

Sb  * 0 

Sb  a -7.6  (experimental) 

Sb2  =>  -7. 6-7. 3 (extrapolated) 

SbJ  = -7. 6-7. 3-7. Q (extrapolated) 

3- 

Thus  we  expect  Sb  3de/,E  to  be  at  least  512.  «V,  (see  Table  4.4) 

j/ <4  B 

since  the  valence  shell  radius  increases  significantly  from  Sb°  to 

3-  0 3- 

Sb  . The  atomic  radius  for  Sb  is  1.6  A,  the  Sb  ionic  radius  is 

2.5  A.. 

From  the  Sb  metal  shift  and  Auger  parameter,  see  Table  4.4  the 
Auger  parameter  for  the  atomic  state  could  be  estimated  to  be  502  eV,  i 
but  Sb  in  KSbF^  has  an  Auger  parameter  of  500. 7 eV.  If  intraatomic 
relaxation  energy  differences  among  different  ions  are  neglected,  the 
atomic  Sb  Auger  parameter  should  be  at  most  500. 5 eV.  This  estimation 
is  in  good  agreement  with  calculated  polarization  energies  for  alkali 
antimonides.  Table  4.4.  These  energies  were  calculated  for  n~3.0 
and  r=0.9R. 
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Experimental  absolute  binding  energies  for  the  photocathodes 
were  obtained  as  always  from  our  measurements  referenced  to  the  valence 
band  peak,  plus  1.5  eV  for  valence  band  width,  plus  3.0  eV  for  photo- 
emission threshold.  Table  4.4  just  3hows  that  the  photocathode 
valence  band  is  the  Sb5p  levels  at  525.3  eV  from  Sb3d^.2. 

Crystal  field  for  Sb  in  K^CsSb  was  calculated  in  the  case  of 
Na^KSb(Cs)  photocathode. 

Calculated  values  are  very  good  on  the  average.  They  show  a 
trend,  large  values  correlated  with  small  lattice  constant  tlirough  a 
larger  crystal  potential.  This  implies  a parallel  behavior  of  the 
valence  band  and  photoemission  threshold.  Using  Sb3d5^2,5p  AEQ  - 525.3  eV 
and  a valence  band  width  of  1.5  eV,  the  calculated  values  for  the  photo- 
emission  threshold  are 


ET  * 4.4  eV 
« 2.6 
* 1.4 


for  Na^KSb 
K^CsSb 
cs3sb 


This  shows  that  large  lattice  constants  contribute  .to  produce  small 
photoemission  thresholds,  but  the  differences  are  too  large  compared 
with  experimental  values.  This  contribution  may  be  partially  compensated 
by  more  charge  transfer  (electropositivity  increases  with  radius  in 
the  alkali  metals)  since  Madelung  potential  is  proportional  to  charge 
transfer,  but  chemical  shift  kAq  - Aq/r^.  is  not  exactly  so,  because 
r increases  with  Aq.  Both  contribution  are  clearly  shown  in  Table  4.5. 


i 
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Thus  the  ionic  model  for  the  alkali  antimonides  not  only  can 

explain  a photoemission  threshold  of  about  2-3  eV,  but  also  its 

dependence  on  lattice  constant  and  ionicity,  by  reasonable  values  of 

3* 

the  charge  transfer  and  valence  shell  radius  of  Sb  ion. 

4.3  Valence  Band  Localization  from  XPS  Relaxation  Energies 
4.3.1  Valence  Sand  Electronic  Polarizability 

Both,  calculated  values  from  Mott  and  Littleton  theory  and 
experimental  values  from  Auger  parameter  shifts,  show  that  in  ionic 
solids  the  crystal  electronic  polarizability  is  much  larger  at  the 
cation  sites  than  at  the  anion  sites.  This  difference  is  even  larger 
in  the  experimental  values.  The  dependence  of  electronic  polarization 
potential  on  lattice  site  is  due  to  the  valence  electron  localization 
on  the  anions,  since  electronic  polarization  is  mostly  due  to  relaxation 
of  the  loosely  bound  valence  electrons.  Thu3  experimental  determination 
of  extraatomic  relaxation  energies  from  Auger  parameter  data  becomes 
a probe  for  valenok  band  localization  and  ionicity. 

In  the  classical  treatment  of  electronic  polarizability  by  Mott 
and  Littleton  induced  point  dipoles  are  assumed  at  the  cation  and  anion 
lattice  sites,  using  electronic  polarizabilities  of  ions.  These  ion 
electronic  polarizabilities  Jh  are  obtained  from  correlation  of  optical 
data  of  different  ionic  compounds  by  means  of  the  Drude  relation,  that 
for  optical  frequencies  reduces  to 

n^'  = e - i + 4ir  Z M.M. 

i i 
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where  are  atomic  densities*  Relevant  ion  electronic  polarizabilities 
are  shown  in  Table  4.6.  This  table  shows  the  large  difference  between 
anions  and  cations , suggesting  the  strong  contribution  of  the  valence 
electrons.  This  contribution  is  probably  underestimated  by  the  highly 
indirect  measurement  method  compared  with  photoemission  relaxation 
energies  that  probe  directly  the  cation  and  anion  sites. 

In  the  photoemission  process  electronic  relaxation  towards  the 
core  hole  occurs  through  core  hole  - valance  electron  interaction  as 
has  been  studied  for  the  case  of  metals  by  Lundqvist.-^  The  coupling 
of  core  holes  to  the  density  fluctuations  of  valence  band  electrons 
(plasmons)  is  in  the  long  wavelength  limit  completely  equivalent  to 
the  coupling  with  a free  electron  gas,  because  the  plasmon  frequency 
hMp  is  higher  them  the  valance  electron  binding  energy.  This  relaxation 
process  may  be  3een  as  a "crystal  shake-up'5.  At  the  high  excitation 
energies  of  XPS  photoemission  occurs  in  the  sudden  approximation,  the 
crystal  is  left  in  an  excited  state  formed  by  a core  hole  in  an  ion  plus 
several  plasmons  in  the  valence  band  that  would  decay  producing  the 
relaxation  of  valence  electrons  towards  the  hole.  The  result  in  the 
spectrum  is  a narrow  strong  peak,  the  one-electron  peak,  at  an  energy 
corresponding  to  the  complete  relaxation  around  thehole,  plus  a broad 
intrinsic  plasmon  resonance  structure  at  higher  binding  energies.  The 
relative  weight  of  this  shake-up  structure  is  such  that  the  average 
energy  of  the  total  spectrum  (including  the  one-electron  peak)  coincides 
with  the  Hartree-Fock  orbital  energy.  This  same  rule  shows  the  relation 
between  the  relaxation  energy  and  the  satellite  structure,  when  one  is 
large  the  other  must  be  correspondingly  large. 


TABLE  4.6 


Electronic  Polarizabilities  of  ions  in 


r3 


P“ 

N* 

1.0 

0.4 

0.7 

— 

Cl“ 

Ar 

3.7 

1.6 

3.0 

— 

3~ 

2- 

Sb 

Te 

I 

Xe 

32. 

14. 

7.1 

4.0 

— 

9. 

6.4 

- — 

Ha+ 

m2* 

ai3+ 

- . 4+ 
Sa. 

0.18 

0.14 

0.09 

0.05 

0.017 

K+ 

„ 2+ 

Ca 

0.8 

1.3 

0.5 

1.1 

o 

u> 

+ 

_ 2+ 

Da 

2.4 

3.3 

1.55 

2.5 
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4.3.2  Comparison  of  Alkali  Halides  and  Antiinonides 

Localisation  of  valence  band  electrons  on  the  anions  in  strongly 
ionic  crystals  is  reflected  in  very  different  extraatomic  relaxation 
energies  for  anions  and  cations . Because  the  valence  shell  radius , 
approximated  by  the  anion  radius,  is  leu.ge#  the  cation  polarization 
radius,  defined  by  the  equivalent  polarization  in  a continuous  medium 

ER  * &2  J<1“1/t)/r  , 

should  be  smaller  than  the  nearest  neighbor  distance  R.  However,  for 
an  anion  the  nearest  anions  are  at  the  next  nearest  neighbor  distance, 

taking  in  account  the  anion  radius,  this  should  give  a polarization 

* * 

radius  about  R. 

For  Ha  in  the  alkali  halides  experimental  data  are  available.  In 

Table  4.7  experimental  polarization  effective  radii,  calculated  from 

Auger  parameter  shifts,  are  compared  with  calculated  values  from  Mott 

and  Littleton  theory.  The  difference  can  be  explained  by  the  reduction 

of  the  valence  shell  to  a point  dipole  in  Mott  and  Littleton  theory. 

For  the  alkali  antimonides,  using  the  average  value  n=3,Q,  the 

4.  + 

polarization  effective  radius  for  Ha  and  Cs  is  0.4  R m good  agreement 
with  experimental  values  for  the  alkali  halides. 
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TABLE  4.7 


4. 

Polarisation  Effective  Radius  for  Na  in  the  Alkali  Halides  from  Mott 
and  Littleton  theory  and  from  Auger  Parameter  shifts.  The  optical 


Dielectric 

Constant 

and  the 

Nearest  Neighbor  Distance  are  also  shown 

Polarization 

Effective  Radius  from 

Material 

<3 

R 

M&l  Theory 

Auger  Parameter 

(A) 

r/R 

r/R 

HaF 

1.74 

2.31 

0.70 

0.70 

NaCI 

2.25 

2.81 

0.57 

0.49 

NaBr 

2.62 

2.97 

0.62 

0.52 

Hal 

2.91 

3.23 

0.54 

0.43 

e and  R 

* 35 

from  ; 

others,  see  Table  4 
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In  the  alkali  antimonidea  the  ratio  of  the  anion  to  cation 
polarisation  radii  is  about  1,8-2. 5,  while  for  the  alkali  iodides 
these  ratio,  from  Mott  and  Littleton  theory,  varies  from  1.11  for 
Csl  to  1.83  for  Mai.  The  agreement  is  good  if  we  consider  that  in 
Mott  and  Littleton  theory  the  cation  polarization  radii  are  about 
17%  larger  than,  experimental  ones. 

From  values  in  Table  4.4,  the  polarization  effective  radius 
of  Sb  in  alkali  anttwonidos  can  roughly  ba  estimated  in  about  R* 


% 
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4.4 


Band  Bending  and  other  Surface  Effacts 


It  is  known  that  XPS  core  level  peaks  of  alkali  halides 

are  structureless  and  very  narrow,  with  an  intrinsic  width  smaller 
30 

than  1 oV  . Any  important  structure  with  an  energy  separation 

of  0.5  eV  could  be  detected.  Our  experimental  XPS  data  for  alkali 
antimonides  also  show  such  lack  of  broadening  and  structure  as  far  as 
our  instrumental  resolution  allows. 

That  should  be  explained  since  there  are  many  effects  that 
could  modify  binding  energies  at  the  surface. 

a)  Madelung  crystal  potential  at  the  surface  can  be  as  small 

36 

as  80%  of  the  bulk.  this  may  be  1 - 2 eV  less. 

b)  Also  electronic  relaxation  energies  should  be  smaller 
at  the  surface?  for  materials  with  very  large  relaxation  energies  as 
Csl  and  alkali  antiroonides , this  should  give  a noticeable  contribution. 

c)  For  cubic  alkali  antimonides  even  the  bulk  Madelung 
potential  can  be  different  in  2 eV  for  the  alkali  A and  A'  in  AyVSb, 
see  Appendix  1. 

d)  An  extreme  case  is  that  of  K in  Na9KSb(Cs)  photocathodea . 

In  these  photocathodea  several  phases  are  present,  at  least  Na2Ksb, 

K^NaSb  and  K.CsSb,  see  chapter  6.  Sut  binding  energies  are  the  same 

in  all  cases. 

o)  It  is  well  known  that  strong  band  bending  may  occur  at 

3 37 

the  surface  of  alkali  antimonides.  ’ But  the  depth  of  this 

phenomenon  can  be  as  largo  as  200  A,  and  contribution  to  'CPS  with 
escape  depths  of  the  order  of  20  Kf  might;  be  smaller  than  0.5  eV,  arid 
not  detectable. 


71 


£)  Since  ion  coordination  is  different  at  the  surface, 
charge  transfer  can. also  be  different. 

g)  Our  XPS  data  seem  to  show  an  excess  of  alkali  at  the 
sir  'ce,  see  chapter  6.  Also  AES  studies  33  suggest  that  an  alkali 
excess  might  be  in  equilibrium  at  the  surface  of  alkali  antimonides 
that  are  alkali  deficient  at  the  bulk.  This  is  related  with  e)  above. 

A satisfactory  explanation  cannot  be  given  to  this  problem. 

But  it  is  reasonable  to  think  that  all  these  effects  will  ac just 
themselves  to  produce  the  same  binding  energies  with  respect  the  Fermi 
level,  or  at  most  varying-  slowly  at  the  surface  as  is  beliebed  for 
the  band  bending  effect.  Otherwise  there  will  appear  gradients  in  the 
electrochemical  potential,  creating  a driving  force  for  electron  or 
ion  diffusion. 

* 

The  very  low  Madelung  potential  at  the  A'  cation  site  in 
cubic  A^A'Sb,  is  due  to  the  eight  nearest  neighbors,  all  A cations. 

That  such  a difference  b tween  the  A, A1  sites  is  not  present  in  actual 
alkali  antiioo nicies  may  be  explained  by 

i)  Alkali  vacancies  and  Sb  interstitials  might  partially 
compensate  this  difference  m Madelung  potential.  Such  deffects  are 
be Lieved  to  explain  surface  band  bending 

Li,  Tatiwns  may  be  displaced  from  theoretical  sites  in  th* 

<rubic  DO ^ structure  in  order  to  compensate  the  difference  of  Madelung 
potential.  In  section  5 "5  below,  it  will  be  shown  than,  such  phenomenon 
is  tile  driving  force  to  form  the  hexagonal  phase-  of  some  alkali  antimonides . 
In  cubic  alkali  antimonides  the  distortion  of  the  perfect  DO^ 


structure  may  be  so  small  and  random  that  most  of  the  00^  symmetry 

and  lattice  parameters  are  maintained. 

Experimental  support  for  this  is  given  by  some  unexplained 

features  in  the  X-ray  diffraction  and  electron  diffraction  studies  of  cubic 

39  40 

alkali  antimonides  , ’ To  explain  these  features,  these  workers 

found  necesary  Debye  temperature  factors  as  large  as  6.5  A2  for  Sb 

and  14.5  A2  for  Cs.  They  found  also  super  lattice  reflections  that 

they  could  not  explain  by  the  DO,  structure  or  any  other  unit  cell. 

40 

Dowman  at  al  . , suggested  that  Na  and  K atoms  are  displaced  from 
their  theoretical  positions  in  Ha^KSb  breaking  the  thr«*t>£old  symmetry 
of  the  four  (111)  axis.  This  is  just  what  happen  in  going  from  cubic 
DO ^ to  hexagonal  Na^Sb  structures,  see  section  5.3  . 


4.5  Electronic  Structure  of  Alkali  Antimonide3 

From  considerations  in  section  4.4,  above,  it  appears  that, 
du.e  to  the  ionic  character  and  cry3f  l structure  of  alkali  antimonides, 
cation  diffusi ' a " vary  l?.’"ge,  producing  an  equilibrium  situation 
wheure  the  belli  i.-:  alkali  deficient  and  the  surface  lias  an  excess  of 
alkali,  his  is  extxem*  in  cubic  A^A'Sb  where  the  A'  cation 

is  cuipp.  cable  in  radius  with  'die  A cation,  see  section  5.3,  as  in 
Sa.^KSb  and  cs^Sb,  producing  a p-tyvji  hulk  and  n-'type  surface,  end  strong 
band  bending-  This  explains  the  low  photoem.iss.ion  threshold  of  these 

photocathode* . This  also  exp  vii.s  vny  the  -vide  K?CsSfo  is  n.ot  so  strongly 
41 

p-type. 


it  is  nea  y mt.i/L.-  ic . 


In  sections  4.2  , above,  it  has  been  shown  that  the  ionic 


model  for  alkali  antimonides  explains  XPS  relative  binding  energies 
to  within  errors  involved.  But  it  was  found  a systematic  difference  of 
about  1 aV  between  the  top  of  the  valence  band,  calculated  from  the  ionic 
model,  and  experimental  values  for  the  photoemission  threshold.  This 
can  be  explained  by  surface  band  bending,  since  the  escape  depth  for 
photoemission  threshold  measurements  is  one  order  of  magnitude  larger 
than  the  XPS  probe  depth. 

In  Pig  4.9,  experimental  binding  energies  for  free  ions 
together  with  our  XPS  measurements  of  relaxation  and  relative  binding 
energies,  and  calculation  of  Madelung  energies,  are  combined  with 
data  from  UPS  to  explain  the  electronic  structure  of  C3^Sb.  Total 
ionicity  has  been  as  aimed  in  Pig  4.9,  but  any  difference  from  this 
extreme  value  of  the  charge  transfer,  will  nearly  compensate  its  effect 
through  a proportional  change  in  Madelung  potential.  Solid  state  effects 
broadening  valence  and  conduction  bands  to  about  1 ev,  have  been 
included  for  the  solid. 

3- 

For  tiia  free  ion  Sb  5p  level  two  values  are  shovm.  One 

+ 

calculated  from  experimental  data  for  fz;ae  Cs  and  Cs^Sb  solid,  and 
the  other  ex  rapolated  from  data  for  free  Sb  , Sb°,  and  Sb+.  The  large 
Sb3  radius  can  explain  that  this  extrapolated  value  should  be  larger, 
see  section  4.2.4  . 

In  Pig  4.10  the  electronic  structure  of  Csl  is  explained  in 
a similar  way.  It  can  be  seen  that  again  the  photoemission  threshold 
calculated  from  XPS  data,  8 eV,  is  about  1 eV  larger  than  experimental 
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Pig  4,10  Electronic  structure  of  Csl  from  XPS  data. 

M,  Madelung  energy.  R,  electronic  relaxation  energy.  For  references 

47 

see  section  4.2.3  and  Table  4.3.  E_  and  E_  from 
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I 

values  from  UPS.  This  might  indicate  surface  band  bending  effects 
also  in  alkali  halides. 

In  this  chapter  and  in  the  next  one,  alkali  halides  and 
antimonidas  are  shown  with  many  similar  properties  due  to  their  conanon 
ionic  crystal  binding.  However,  as  photocathodes  , they  are  very 
different.  Comparing  Fig  4.9  and  4.10,  it  is  clearly  seen  that  the 
difference  in  p'^ib',:.«mission  threshold  is  due  to  the  Sb3-  ion.  Allcali 
antimonides  have  very  small  photoemission  threshold  due  to  the 
small  electron  binding  energies 
electronic  relaxation  energies, 

3- 

of  the  Sb  ion. 


of  the  Sb3-  ion  , and  to  the  large 
both  due  to  the  valence  electrons 
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V. 


OTHER  EXPERIMENTAL  EVIDENCE  OF  IONICITY  IN  THE  ALKALI 


ANTIMONIDES 

5.1  Photoelectric  Emission 

The  similarities  between  the  energy  distribution  of 
photoelectric  omission  for  excitation  in  the  visible  and  UV  range, 
in  alkali  halides  and  alkali  antimnnides , as  well  as  the  differences 

between  them  and  covalent  solids,  are  well  known  since  the  works  of 

4 42  L'x 

Spicer,  Taft  and  Philipp  , Philipp  at  al() 

44  45  46 

Krolikowski  , DiStefano  , DiStefano  and  Spicer. 

See  reviews  by  Spicer  in 

For  alkali  halides  and  antimonides  no  structure  i3  found 

due  to  direct  transitions  between  singular  points  (Van  Hove)  in 

the  valence  and  conduction  bands  as  it  is  typical  of  covalent  crystals . 

Rather  the  structure  in  the  EDC* 3 is  due  to  the  electronic  structure 

of  the  valence  band.  Thi3  valence  band  structure  was  found  to  correlate 

very  well  with  the  free  halide  or  antimony  ion  spin-orbit  splitting, 

see  Fig  4.8  , stowing  the  atomic,  localised  character  of  the  valence 
4 

band.  Spicer  pointed  out  localization  of  the  hole  created  in  the 

photoemission  process  as  am  explanation  for  these  characteristics 
of  the  EDC* s. 

In  the  alkali  halides  and  antimonides  the  electric  dipole 
transition  between  the  atom-like  valence  band , formed  by  the  last  p 
orbitals  of  the  halide  or  antimony,  and  the  conduction  band  formed 
by  the  last  s levels  of  the  alkali,  is  allowed  and  strong. 


In  covalent  solids  the  valence  and  conduction  bands  are  the  bonding 
and  antibonding  (sp)  hybridized  orbitals,  the  electric  dipole 
transition  is  weak  except  in  some  singular  points  in  the  Brillouin 
zone  (Van  Hove  singularities)  due  to  Bragg  reflection  or  crystal 
symmetry , where  the  mixing  is  strong  and  the  energy  bands  are  flat. 
Occurrence  only  of  non  direct  transitions  is  further 
discussed  in  next  section. 


3*2  Hole  Mobility 

As  it  could  be  expected,  in  the  alkali  halides  and 

antimonides  and  other  strongly  ionic  solids  with  narrow  valence  bands 

strongly  localized  on  the  anions,  the  hole  mobility  is  very  small, 

2 47 

less  than  10  cm  /V-s  , compared  with  covalent  solids  where 

2 

the  hole  mobility  is  always  larger  than  100  cm  /V-s?  for  example, 

for  InSb  it  is  750  cm2/V-a  (60, pE-100). 

47 

Spicer  pointed  out  the  correlation  between  very 

2 

small  hole  mobility,  less  than  10  cm  /V-s  , and  the  occurrence  only 
of  non  direct  transitions  in  the  photoemission  process,  i.e.,  no  k 
momentum  conservation. 

Hole  localization  or  small  hole  mobility  and  occurrence 
only  of  non  direct  transitions  are  consequences  of  a crystal  valence 
band  formed  by  the  non  interacting  atom-like  valence  bands  of  the 
anions.  The  3trong  localization  on  the  anion  produces  an  indetermination 
in  the  momentum  k , through  the  Heisenberg  principle 

Ak . £ x > .1 
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For  a localization  of  the  valence  band  of  about  , as  in  the 


alkali  antimonides,  using  the  anion  radius,  the  indetermination  in 
k becomes  Ak>4/CU,of  the  order  of  the  Brillouin  zone. 

In  covalent  solids  a crystal  valence  baud  i3  formed  by 
mixing  of  the  last  3 and  p orbitals  of  both  component  atoms 
through  a strong  nearest  neighbor  interaction,  producing  a wide 
energy  band  where  electrons  have  a free-like  dispersion  relation, 
modulated  by  the  crystal  symmetry,  with  a definite  k momentum 
due  to  very  strong  delocalization. 


5.3  Crystal  Structure 

Crystal  structures  of  alkali  antimonides.  Fig  1.1  and  1.2  , 
have  high  coordination  numbers  and  large  nearest  neighbor  distances 
typical  of  ionic  solids.  Nearest  neighbor  distance  varies  from 
R =■  3.96  A for  Cs3Sb  to  R » 3.10  A for  Na^Sb  , that  are  just 
a little  smaller  than  calculated  from  ionic  radii  0.95  , 1.69  , 2.45  A 
for  Na,  Cs,  Sb,  respectively. 

Actually  the  high  coordination  numbers  required  in  the 
ionic  structure  of  A^A'Sb  , where  A and  A'  are  two  different  or 
equal  alkalis,  are  not  achieved  through  an  unique  nearest  neighbor 
distance,  probably  incompatible  with  crystal  translation  symmetry,  but 
through  two  or  three  similar  nearest  neighbor  distances,  see  Fig  1.1 
and  1.2  . 

3- 

In  the  cubic  DO^  structure  the  Sb  anion  has  ezght  A 


cation  nearest  neighbors  at  a distance  d,vT/4  in  C3Cl-s tructure 
coordination,  and  six  A'  cation  nearest  neighbors  at  a distance  <X*/2 
in  NaCl-structure  coordination,  see  Fig  S.i  . In  Table  5.1  these 
distances  are  compared  with  the  sum  of  ionic  radii  of  corresponding 
cation  and  Sb3~  anion,  for  cubic  alkali  antimonides  with  known 
lattice  constant,  see  also  Table  5.2  . The  observed  agreement  is 
very  good,  nearest  neighbor  distances  represent  only  a variation 
less  than  "4%,  4*10%  in  the  sum  of  ionic  radii. 

The  cubic  structure  i3  the  most  stable,  allowing  at  the 

same  time  typical  ionic  NaCl  and  CsCl  structures  for  nearest  neighbors 

with  high  coordination  numbers,  high  crystal  symmetry,  and  ion  close 

packing.  But  in  this  structure  the  A'-Sb  distance  ( <XJ 2)  is 

determined  by  the  A-Sb  distance  (w **3/4)  . The  A~5b  distance  is 

determined  by  the  Coulomb  attraction  between  oposite  ions  and  the 

repulsive  energy  from  electron  wave  function  overlapp  ng,  i.e.,  by 

the  sum  of  corresponding  ionic  radii.  Thus  when  the  A'  cation  is 

very  small  like  in  K^NaSb  , The  A’-Sb  distance  becomes  very  large 

compared  with  the  sum  of  corresponding  ionic  radii,  and  oposite 
+ 3- 

ions  A'  , Sb  , are  not  close-packed.  In  this  case  the  structure 
may  become  more  stable  by  an  small  distortion  to  the  hexagonal 
structure.  In  this  distortion  three  of  the  six  nearest  neighbor 
A'  cations  come  closer  to  the  Sb  anion  and  the  other  three  move 
closer  to  the  next  nearest  neighbor  Sb  anions,  the  six  A’  cations 
moving  into  the  same  (111)  plane.  The  eight  nearest  neighbor 
A cations  are  maintained  essentially  in  a similar  coordination, 
see  Fif  5.2  . During  this  distortion  only  one  out  of  the  four  cubic 
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Na^Sb 
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COOROINATION  FOR  Sb  NEAREST  NEIGHBORS 
!N  CUBIC  DOg- STRUCTURE 

Pig  5.1  NaCl-atructure  plus  Csd-structure  of  nearest  neighbors  of 
3~  \ 

Sb  ion.  The  (001)  axis  is  vertical. 
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COORDINATION  FOR  Sb  NEAREST  NEIGHBORS 
IN  HEXAGONAL  Na^Sb- STRUCTURE 

• j 

3_ 

Fig  5.2  Structure  of  nearest  neighbors  of  Sb  ion.  For  comparing 
with  the  cubic  structure  in  Fig  5.1  , K-*-Na,  Ma-^K,  and 
the  vertical  axis,  (000.1) , corresponds  to  the  (111)  axis 
in  Fig  5.1  . 
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TABLE  5.1 


Comparison.  of  Nearest  Neighbor  Distances  and  Ionic  Radii  for  somo 
Alkali  An timo Hides  with  cubic  D03  structure.  Ionic  radii  0.95, 

$ *4*  4*  ^ 

1.33,  1.69,  2.45  A are  assumed  for  Na-,  K ,Cs  , Sb  ions.  Unit3;  A 


Alkali 

Antiaonide 

Nearest  Neighbor  Distance 

Sum  of  Oposite  Ion  Radii 

A^Sb 

A— Sb 

A'-Sb 

A-Sb 

A'-Sb 

(8) 

(6) 

Na^KSb 

3.35 

3.87 

3.40 

3.78 

K^csSb 

3.73 

4.31 

3.78 

4.14 

cs3sb 

3.96- 

4.57 

4.14 

4.14 

Ionic  radii  from  35\ 

Lattice  constant  from  Table  i.L 
Coordination  number  in  parenthesis 
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three- fold  symmetry  axis,  is  maintained,  therefore  ending  up  with 
only  hexagonal  symmetry. 

The  hexagonal  lattice  thus  formed,  maintains  the  high 
coordination  numbers,  the  highest  possible  crystal  symmetry  while 
increasing  the  average  oposite  ion  close  packing.  In  the  hexagonal 
Na^sb  structure  for  A^A'Sb  with  2a,  pig  5.2  , Sb3~  anion  has 
eight  A cation  nearest  neighbors , two  at  a distance  C/3  and  six 

L 

at  a similar  distance  (C/3){3(d/c  ) +**}  . The  three  nearest 
neighbor  A'  cations  auto  at  a distance  aVJ/3  . In  Table  5.2  , 
hexagonal  and  cubic  structure  for  the  alkali  antimonides  having  an 
hexagonal  phase,  are  studied.  Comparison  of  their  nearest  neighbor 
distances  with  the  sum  of  corresponding  oposite  ion  radii  yields  the 
key  to  explain  their  relative  stability.  Considering  only  Coulomb 
interaction,  i.e.,  Madelung  energy,  between  Sb  nearest  neighbors,  it 
is  possible  to  explain  why  ^KaSb  am*  Ila^Sb  only  exist  in  the 
hexagonal  phase,  why  in  K^Sb  the  cubic  phase  is  more  unstable  than 
the  exagonal  one,  and  why  in  Rb^Sb  both  phases  are  about  equally 
stable. 

Therefore,  the  ionic  model  for  alkali  antimonides,  with 
ionic  radii  from  values  reported  in  the  literature,  explains  their 
crystal  structures,  symmetry,  coordination,  and  lattice  parameters. 
It  can  also  explain  the  relative  stability  of  the  cubic  and 
hexagonal  phases. 
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5-4 


Heats  of  Formation 


Standard  heat3  of  formation  of  about  2.0  eV/raolec  have 

49 

been  reported  in  the  literature  for  the  alkali  an tirno aides . These 

values  may  be  explained  by  the  ionic  model  for  these  compounds.  For 

example,  a charge  transfer  of  about  0.9  will  explain  that  value  in  Cs3sb. 

Let  us  calculate  the  energy  to  separate  three  Cs  ions 
3- 

and  one  Sb  ion  from  the  Cs^Sb  crystal.  Osing  values  in  Tables  4.3 

and  4.4  , to  separate  a C3+  ion  will  take  about  0.9x5. 5 eV  against  the 

crystal  field,  minus  ajoout  4.0  eV  of  electronic  relaxation  energy,  minus 

some  energy  from  ionic  relaxation.  To  separate  a Sb3  ion  will 

2 

take  0.9x3x17.5  eV  against  the  crystal  field,  minus  3 x2.Q  aV  of 

electronic  relaxation  energy  (proportional  to  the  square  of  the  charge)  . 

minus  some  energy  from  ionic  relaxation.  The  total  energy  required  is 

then  estimated  in  about  32.  «V  minus  some  ionic  relaxation  energy. 

This  part  of  the  relaxation  energy  remains  undetermined  since  the 

static  dielectric  constant  6 is  not  known.  But  a limit  can  be  estimated. 

s 

The  ratio  of  the  electronic  relaxation  energy  to  the  total  relaxation 
energy  is  (l~l/€)/ (1-1/e  ) . Since  S is  of  the  order  of  10.  even  if 

3 

S3^20.  , the  ionic  relaxation  energy  would  add  at  most  5%  of  the 

electronic  relaxation,  this  means  about  1.  aV.  Therefore,  the  heat 

+ 3- 

of  formation  of  3Cs  +Sb  free  ions  from  the  Cs^Sb  solid  is  about 
31.  - 32.  eV. 

•f 

The  energy  to  produce  a C3  free  ion  from  Cs  metal  is 

35 

0.83  eV  to  separate  an  atom  plus  3.9  eV  of  ionization 

35  3- 

energy  . The  energy  to  form  a Sb  free  ion  from  the  metal 
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is  2.7  «V  to  separate  an  atom,  minus  1.0  eV  of  electron  r finity 
to  fora  Sb  (68,p291),  plus  about  14  eV  or  less  to  form  Sb3  , 
estimated  in  section  4.2.4  . Therefore,  the  heat  of  formation  of 

+ 3— 

3C3  +sb  free  ions  from  the  elements  in  their  standard  state  is 
at  most  30.  eV  . 

+ 3- 

The  difference  between  the  heat  of  formation  of  3Cs  , Sb 
from  the  solid  and  from  the  elements  .in  their  standard  state  is  the 
standard  heat  of  formation  of  the  Cs^Sb  solid,  thus  about  2 ev/molec  . 


5.5  Refractive  Index 


In  previous  chapter  the  relation  between  the  refractive 
index,  i.a. , the  dielectric  constant  at  optical  frequencies,  and  the 
relaxation  energies  in  the  photo  emission  process  has  been  discussed. 
Both  are  very  large,  due  to  the  high  atomic  polarizability  of  the 

3_ 

Sb  ion,  see  Table  4.6.  This  high  value  is  mostly  due  to  the  loosely 

$ 3**  • 

bound  S'b5p  valence  electrons,  the  ionic  radius  of  Sb  , 2.45  A, 

35 

is  the  larger  ionic  radius  reported . Binding  energies  for 

valence  electrons  of  Sb3~  in  alkali  antimonides  have  been  estimated 
in  section  4.2.4  in  about  2.  - 4.  eV. 

Let  us  make  an  estimation  of  the  refractive  index  for  Cs^Sb 
from  it3  known  electronic  structure.  Drude  relation  becomes  in 
quantum  theory 


2 f.  . 

Q =»  1+4-7T  — 

m i oj 


where  is  the  density  of  electrons  in  state  i,  is  the  oscillator 
strength  or  matrix  element  of  the  electric  dipole  transition  between 
states  i and  j,  and  is  the  energy  difference. 

In  a first  approximation  we  may  consider  only  valence 
electrons  and  virtual  transitions  only  across  the  Sb5p-C36s  electric  dipole 
allowed  band  gap.  Other  transitions  are  neglected  either  because  not 
electric  dipole  allowed  or  because  large  energy  gaps.  In  the  sume 
rule  , we  shall  also  neglect  other  contributios  and  take  fT/c»l  • 

For  these  approximations 


e « It 


50  j.  2 2 

that  is  a relation  frequently  used , where  »4 <ir  Me  /m 

is  the  square  of  the  plasmon  energy  for  the  valence  electron  density, 
and  EV(,  is  the  average  SbSp-Cs6s  energy  gap.  The  band  gap  E^-1.6  ev 
reported  in  the  literature  is  the  minimun  energy  gap  between  the  Sb5p, 
Cs6s  bands,  broadened  by  solid  state  effects.  From  our  XPS  measurements 
in  Cs^Sb 

C35p3/2,Sb5p AEb«  10.5  eV 

31 

since,  for  Cs  free  atom 


Cs5p3^2,6s AEg»  14.2  eV 
therefore,  it  might  be  estimated  for  Cs3Sb 
Sb5p , Cs6s AE_  =•  3.7  eV 

O 

sGupta  has  shown,  using  Harrison  bond  orbital  model  calculations, 
that  solid  state  effects  may  broaden  and  lower  the  Cs6s  levels  . ^ 
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Measurements  by  Spicer,  see  Pig  4.8  , show  an  average  energy  gap 


Sb5p,Cs6sAs  » 2.8  eV  exp.  in  Cs,Sb 

o 3 

Therefore  for  optical  frequecies  before  the  dielectric  constant  is 

2 2 

dominated  by  band  gap  absorption,  H(U  , 

e ■ 1+  — “6.6,  n»2.6 

3 39  * 

that  is  in  very  good  agreement  with  reported  values  . * For  n 

the  valence  electron  density  was  calculated  for  4xSb5p  electrons 
in  the  unit  cell  with  lattice  parametar  CJ*=»  9.14  A . 
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VI 


ANALYSIS  OP  XPS  RELATIVE  INTENSITIES.  COMPOSITION  AND 
STRUCTURE  OP  Na^KSbtCs)  PROTOCATHODES 

! 

L ' 


XPS  is  being  developed  u a.  qoafcitative  surface  analysis 
technique.  In  a simple  nodal  a relation  between  total  intensity  of  a 
XPS  peak  and  atomic  density  can  be  derived,  contributions  from 
intrinsic  3 hake- up  ex  true  turn  and  extrinsic  plasmoa  energy  losses, 
difficult  to  predict,  impose  a limit  to  the  obtainable  accuracy. 

Other  sources  of  error  are  unknown  spectrometer  factors  and  unknown 
aassple  inhoBsogeneities . In  general;  under  certain  precautions  an 
accuracy  of  10*  seems  to  be  obtainable. 

. Me  have  studied  experimental  data  in  the  literature  from 
several  workers,  obtained  with  essentially  the  seme  Varian  IEE 
spectrometer  working  in  the  seme  conditions  as  in  our  experiments. 

These  data  have  been  compared  with  calculated  values  from  theoretical 
cross  sections  and  with  our  experimental  data  on  pure  metals  and  Csl, 
for  internal  coherence.  In  this  way,  relative  sensitivity  factors  for 
Na,  K,  Cs,  Sb,  have  been  determined.  Except  for  K,  XPS  peaks  with 
escape  depths  from  10  A to  2S  A allow  detection  of  relative  composition 
variations  with  depth  from  the  surface. 
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Experimental  data  obtained  and  discussion  are  sumarired 

as  follows! 

a)  It  has  been  possible  to  detect/ in  good  photocathodes , 

an  snail  gradient  in  Sb  atonic  density/  in  the  sense  that  peaks  coning 
from  the  last  IS  A at  the  surface  appear  about  10%  weaker  than 
expected  for  an  homogeneous  sample.  This  is  in  agreement  with  current 
theories  that  show  good  photocathodes  with  strong  band  bending 
favorable  to  photo  amission,  due  to  a p-type  bulk  because  of  alkali 
defect  and  a a- type  surface  due  to  alkali  excess. 

b)  Ma^KSb  photo  cathodes  with  this  stoichiometric  composition 
at  the  surface/  show  low  sensitivities.  Good  Ne^KSb  photocathodes  show 
an  smeller  Na  content  at  the  surface,  in  agreement  with  scanning 
electron  diffraction  and  X-ray  diffraction  studies  reported  recently 

in  the  literature,  that  show  the  phases  Na^KSb  and  K2Na£b  presont  in 
these  photocathodas . Our  study  show  these  photocathodes  as  a Na^KSb 
bulk  and  a B^tfaSb  surface  layer  of  the  order  of  40  A 

c)  In  Na^KSbtCs)  or  S-2Q  photocathodes  Cs  is  definitively 

in  the  bulk/  down  to  a depth  larger  than  15  A,  i.e. , 10  atomic  layers. 

Study  of  relative  intensities  of  XPS  peaks  with  escape  depths  from 
® 0 ‘ 

10  A to  30  A,  in  good  photocathodes  of  100  - 250  /iA/lm,  show  that  C3 

is  in  a surface  layer  of  average  depth  varying  from  sample  to  sample 

0 + 0 

between  20  A and  SO  A,  in  most  samples  of  the  order  of  30  A.  This  is  in 

agreement  with  the  X-ray  and  electron  diffraction  studies  mentioned 
above,  that  show  the  phase  K^CsSb  present  in  $-20  photocathodes. 

d)  The  Cs  content  in  the  surface  of  S-20  photocathcdes  is 

9 

quite  high,  assuming  Cs  in  a surface  layer  of  20  - 50  A,  the  Cs/Sb 
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Pig  <5.1  Proposed  band  diagram  Cor  Na^KSb,  The  K/aSb  surfaca  layer 
orobably  allows  the  surface  to  be  more  strongly  n-typa. 


Na2KSb(Cs)  PHOTOCATHODE 

VACUUM  U 


Fig  6.2  Proposed  band  diagram  Cor  Na^KSMCs)  or  S-20  photocathode. 

Depending  on  temperature  during  surface  activation  by  Cs 
and  Sb  deposition,  a surface  Layer  of  K^CsSb  or  K^CaSb  and 
Na^CsSb,  is  formed.  K^CsSb  has  the  optimum  properties  for 
a surface  layer.  It  is  easily  alkali  doped,  producing  n-type 
material,  due  to  low  ion  diffusion  rate.  It  has  an  small 
photo  emission  threshold  (not  including  band  bending)  due  to 
its  large  lattice  constant.  And  it  has  a large  band  gap,  and 
thus,  small  probability  of  electron-hole  pair  creation  and 
large  electron  mean  free  paths. 
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atomic  density  ratio  in  this  layer  is  about;  I*  . 

a)  In  S-20  photacathodea  the  t*a/K  atomic  density  ratio  is 
smaller  than  2*1/  but  much  larger  than  expected  from  a N&^KSb  bulk 
•radar  a K^CSSb  surface  layer  at  least  L$  a thick.  Studying  the  Na 
content  of  S-20  photocathodes  and  its  variation  with  depth/  our 
experimental  data  can  only  be  explained  by  the  presence  of  a Na.csSb 
phase  in  the  surface  layer.  Our  experimental  data  fcr  3-20  composition 
from  EPS  are  well  explained  by  a (Na^CsSb)  (K^cssb)  surface  layer 
15  - 60  A thick  over  a Na^KSb  bulk/  in  good  agreement  with  results 
in  c)  above. 

Previous  X-ray  and  electron  diffraction  studies  mentioned 
above,  did  not  detect  the  phase.  This  may  be  explained  «t*.v. 

because  diffraction  peaks  from  this  phase  are  confessed  with  thiac-  Irtxsa 
KLCaSb  (same  crystal  structure,  similar  lattice  constant),  or  m *.-* 
probable,  because  of  different  processing  schedule.  In  our  processing 
schedule,  we  start  the  final  03/ Sb  dsposition  at  200  - 210 “C,  a much 
higher  temperature  than  it  is  usual,  about  100 *C , "or  this  part  of 
the  process.  It  is  known  that  both  Na  and  "i  easily  displace  Cs  , but 
the  temperatures  for  efficient  diffusion  ars  about  2C04C  and  160  “c 
for  ha  and  K,  respectively. 

The  distances  and  escape  depths  reported  above  are  more 
accurate  as  relative  values  than  as  absolute  values.  They  have  been 
calculated  assigning  tiiat  the  mean  free  path  for  electrons  of  1000  eV 
kinetic-  energy  is  20  A, in  alkali  antiraonides - 


VII. 


CONCLUSIONS 


Alkali  antimonide  photoeathodes , Na^Sb,  K^Sb,  cs^Sb,  Na.>KSb, 
and  Na^KSb  (Ca) , were  studied  using  x-*ray  photo emission  and  auger 
electron  spectroscopy  under  ultrahigh  vacuus  conditions . 

Our  measurements  were  studied  together  with  known,  data  for 
free  Ions  and  atom*,  pure  metals,  and  alkali  halides,  by  means  of  a 
simple  point  aharge  electrostatic  model.  Correlation  of  shifts  in 
photoelactron  and  Auger  elaatron  spectra,  allows  to  determine 
independently  both  binding  energies  and  relaxation  energies  due  to 
electronic  polarizability. 

Tlie  results  of  the  study  were  compared  with  known  properties 
and  UPS  data  of  alkali  antimonides  and  alkali  halides. 

The  conclusions  of  this  study  aret 

1)  Doth,  electron  binding  energies  and  photoomission 

relaxation' energies,  show  alkali  antimonides  aa  ionic  compounds , 

3- 

with  valence  electrons  strongly  localized  on  the  3b  ions,  charge 
transfer  was  estimated  to  be  0.8  or  larger. 

2)  Valence  band  region  XPS  spectra  comfirra  this,  showing 
essentially  no  mixing  of  alkali  and  antimony  levels.  The  less  bounded 
alkali  p levels  appear  at  least  10  ev  below  a clearly  defined 
valenco  band,  only  2 - 3 «V  wide.  Proposed  models  for  crystal 

3 

binding,  involving  formation  of  (sp)  hybridized  orbitals,  as  in 
III-V  covalent  compounds,  are  ruled  out. 

3)  The  ionic  model  for  alkali  antimonides  show  the  top  of 
the  valence  band  around  2 * 4 eV  below  the  vacuum  level.  The  difference 


with  experimental  photo emission  thresholds , about  1 *v  ami  ler , wax 
explained  by  surface  band  banding  affects  included  in  their 
raewsur  aments . 

4)  Th*  ionic  model  Also  <*ri'iain»  the  dependence  of  the 
photo  mission  threshold  on  lattice  parameter  and  ionicity,  thus 
axplainig  observed  trends  in  experimental  values* 

5)  Known  similarities  between  the  energy  distribution 
in  OPS  of  alkali  antimonide*  and  alkali  halides,  as  well  as  the 
differences  between  then  and  covalent  solids  were  explained  by  the 
electric  dipole  allowed  band  gap  between  the  strongly  localised, 
atom- like  valence  shells  of  the  anions  and  the  conduction  bend 
formed  from  the  empty  valence  3 orbitals  of  the  alkalis,  in  those 
ionic  coopouns. 

d)  Experioeultal  hole  ioObiiiSy  volufia  COufliTund  that 

explanation* 

7)  Known  heats  of  formation  aeons  to  be  explainable  by 
the  ionic  model.  A calculation  for  Co^Sb  yields  a value  in  very 
good  agreement  with  tile  experimental  one, 

3-  , 

6)  The  large  electronic  polarizability  of  Sb  xons 
explains  the  large  refractive  index  of  alkali  antimonides.  A 
calculation  for  Cs^Sb  from  its  known  electronic  structure  yields 
a value  in  very  good  agreement  with  the  experimental  one, 

9)  Crystal  structures  of  alkali  antimonides  were  explained 
as  typically  ionic.  Known  ionic  radii  and  electrostatic  hadelung 
energy  considerations  explain  their  crystal  structures,  symmetry, 
ion  coordination,  and  lattice  parameters.  It  can  also  explain  the 


relative  stability  of  their  cubic  and  hexagonal  phases . 

10)  Made  lung  energy  considerations  cm  also  exp- lain  why 
seme  alkali  anfcinsonidea  are  strongly  p-type.  In  alkal I antimonida3 
A.^A'Sb  where  cations  A and  A*  ara  core-parable  in  size  but  where  ati.ll 
the  cubic  phase  is  more  stable,  the  cations  have  a tendency  to  be 
displaced  from  their  theoretical  lattice  positions.  This-  seeass  to 
facilitate  ion  diffusion  and  v&cance  formation,  producing  an 
equilibrium  configuration  where  the  bulk  is  alkali  deficient, 
p-type,  and  the  surface  has  excess  of  alkali , being  n-type.  '--lie 
driving  force  for  these  phenomenons  seems  to  be  maximization  of 
Madelung  energy. 

11)  Sousa  unusual  experimental  results  found  in  X-ray  and 
electron  diffraction  studies  of  Cs^Sh  and  tla^KSb  give  support  to 

the  explanation  proposed  in  10) , above,  and  arcs  themselves  explained. 

12)  The  good  properties  of  alkali  oatimonide*  as 
photocathodes  are  explained  by  their  ionicity . As  ionic  compounds, 
band  gap  absorption  is  strong  and  structureless . Tie  small  electron 
binding  energies  and  large  electronic  polarizability  of  the*  L>b^  ion, 
both  due  to  it3  valence  shell  electrons,  explain  their  small 
photoemisaion  thresholds. 

13)  The  very  good  ptootoemission  properties  of  Cs^Sb  and 
Na2KSb  are  explained  by  surface  band  bending,  whose  relation  with, 
crystal  structure  and  K&delung  energy  is  pointed  out  in  10) , above. 

14)  Proa  our  XPS  quantitative  surface  analysis,  a model 
for  Na^KSb  phctocathode  is  proposed,  where  a thin  surface  layer  of 
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K^NaSb  is  forasd.  This  probably  allows  the  surface  to  be  more  strongly 
a- type. 

15)  An  a- type  surface  layer  is  also  the  explanation  of 
the  extraordinary  photo  emission  properties  of  ^s^SSb(Ca)  or  S-20 
photocathodes.  In  this  case,  while  surface  activation  by  C s and 
Sb  deposition,  a surface  layer  of  JC^CsSb  (probably,  some  times  also 
Ka^CsSb)  is  formed*  Otis  phase,  K„CsSb,  has  the  optimum  properties 
for  a surface  layer.  It  is  easily  alkali  doped,  producing  n-type 
uaterial,  due  to  low  ion  diffusion  rate.  It  has  small  photoemission 
threshold  (not  including  band  bending)  due  to  its  large  lattice 
constant.  And  it  has  a large  band  gap,  and  thus,  small  probability 
of  eleotxoa-hcle  pair  creation  and  large  electron  mean  free  path. 

16)  Prom  our  XPS  quantitative  surface  analysis  of  N&  KSb 

jt  * 

and  S«2SSb(Cs)  photo  cathodes , the  surface  layer  mentioned  in  14) , 15) 
above,  is  estimated  In  30  - 40  A . 
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APPENDIX  A 


THE  BASIC  PHYSICS  OP  X-RAY  PHOTOELECTRON  SPECTROSCOPY 
A.l  electron  Binding  Energies 

Photoemission  from  a N-electron  system  (solid)  leads  to  a manifold 
of  states  of  the  H-electron  system  in  which  one  electron  is  unbounded. 
In  the  limit  of  infinite  separation  between  the  solid  and  the  photo- 
omitted  electron,  each  of  these  states  can  ha  described  as  a (N-1)- 
electron  state  and  a single  free  electron  of  kinetic  energy 

®k  - <"  -«rl  * < 

where  hv  - photon  energy,  and  E^,  are  the  initial  and  final  state 

energies  of  the  solid.  The  binding  energy  of  the  orbital  from  which 
the  electron  was  ejected  is  defined  as 

V E3  ■ *J"1  - 4 - hv-eK 

In  thi3  description,  which  is  completely  rigorous  and  can  be  closely 
related  to  empirical  quantities,  there  is  no  need  for  the  concept  of 
relaxation  energy.  Ho  detailed  description  is  given  of  the  initial 
or  final  state,  and  we  do  v t allude  to  one-electron  orbitals. 


Electronic  structure  theories  axe  usually  developed  in  terms  of 
one-electron  orbital3,  with  the  coordinates  of  the  electron  coupled 
through  self-consistent  field  formulations  (e.g.,  the  Hartree-Fock 
method) . These  orbitals  can  be  described  in  terms  of  a basis  set 
with  quantum-number  designations  Is,  2s,  ^3/2'  ato*  Th«se 

orbital  designations  also  label  the  photoelectron  peeks.  Moreover, 
solving  the  Hartree-Fock  equations  yield  a set  of  parameters 
termed  orbital  energies.  Koopmans  theorem  showed  that  these  orbital 
energies  would  be  the  binding  energies  ( j ) * f 

a)  there  were  not  change  in  the  other  orbitals  while  an 
electron  was  removed  from  orbital  j,  and 

b)  if  the  Hartree-Fock  method  gave  a true  description  of 
the  system. 

Corrections  far  b) , i.e.,  differential  correlation  and  relativistic 
energies,  which  are  of  course  not  included  in  the  Hartree-Fock 
formulation,  are  usually  very  small  and  thus  neglected.  Moreover  since 
working  with  energy  differences  usually  these  corrections  nearly  cancel 
out. 

With  respect  to  a)  several  approximations  can  be  considered.  The 
first  one  is  the  "three  step  model"  for  bulk  photoemission.  The  photo- 
emission event  is  split  up  in  three  processes,  i)  excitation  of  one 
electron  to  a higher  energy  state  E^”1 


after  absorption  of  a photon, 


ii)  transport  of  the  electron  through  the  solid,  and  ill)  escape  of 
the  electron  through  the  surface  barrier.  During  transport  11)  and 
escape  111)  many  energy  losses  may  occur  due  to  electron-electron 
inelastic  scattering,  creation  of  extrinsic  plasmons,  etc.  All  these 
processes  produce  a complex  final  state  structure  on  very  herd 
to  predict.  Measuring  the  kinetic  energy  of  photoelectrons  elastically 
scattered  only,  redefines  the  binding  energy 

h • <l  - < 

and  simplifies  the  photoemisaioa  event  to  a situation  closer  to  the 
ideal  one  stated  in  a) . Moreover  in  XPS  the  photoelectron  in  the  final 
state  is  free -electron- like  with  no  momentum-conservation  selection 
rule,  due  to  the  high  photoexcitation  energy.,'  In  fact  for  most 
situations  encountered  in  photoeaiaaion  the  approximation 


3^(3)  * (proper  sign  included  in  e^) 


is  close  enough  for  diagnostic  purposes.  The  departure  from  this 
equation  defines  the  relaxation  energy  E_(J) 


v»  ■ w* 

Creation  of  phonons,  electron-hole  pairs,  and  intrinsic  plasmons  during 
photoexcitation  contribute  to  2^(J) . 


Depending  on  the  process  relative  tine  scale  different  processes 
might  occur.  In  one  extreme  is  the  sudden  approximation.  In  the 
shake-up  and  shake-off  processes  in  this  approximation  the  resulting 
state  after  photoeaission  is  not  an  eigenstate  of  the  ion,  the  ion 
i3  left  in  an  excited  state.  By  energy  conservation,  the  energy  of 
the  emitted  electron,  will  be  reduced  by  the  excitation  energy.  In 
the  other  extreme  is  the  adiabatic  approximation . During  the  photo- 
emission  process  the  other  electrons  will  relax  towards  the  positive 
hole,  screening  its  positive  charge  and  so  imparting  adiabatically 
additional  energy  to  the  photoemitted  electron. 

A. 2 Multiplet  Splitting 

In  many  situations,  the  final  3tate  of  the  atom  with  a hole  in 
the  state  j is  not  a unique  one  in  terms  of  the  individual  atomic- 
level  quantum  numbers.  This  is  because  each  eigenstate  is  characterized 
by  a definite  value  of  the  total  quantum  numbers  L and  s and  there  can 
be  more  than  one  individual  subshell  configuration  that  can  correspond 
to  these  L,S  values.  The  difference  in  energy  between  such  possible 
states  can  give  rise  to  a number  of  components  in  the  XPS  spectrum, 
instead  of  a single  peak,  as  previously  assumed. 

A.3  Configuration  Interaction  (Cl)  Effects 

Configuration  Interaction  can  be  considered  to  be  a generalized 
many-electron  process  of  which  both  multiplet  and  shake-up  effects  are 
special  cases.  Arguing  exactly  in  the  same  way  as  in  describing  the 
multiplet  process,  one  can  see  that  the  simple  two-electron  shake-up 


model  may  not  be  adequate  in  general.  Instead,  the  final  state  may 
be  any  one  of  a number  of  more  complex  rearrangements  consistent  with 
the  relevant  selection  rules. 
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APPENDIX  B 

AUGER  ELECTRONS  AND  THE  AUGER  PARAMETER 

After  emission  of  one  electron  by  the  ptootoexcitation  energy  hv 
the  system  is  left  in  a state  with  a core  hole  in  the  orbital  j 
with  energy  B'”*1*  - E^"3-  ( J)  that  is  the  initial  state  of  the  Auger 
process  in  which  the  hole  jumps  to  ths  orbital  l and  the 

energy  difference  is  taken  up  by  the  Auger  emitted  electron  initially 
in  the  orbital  m,  e <e .~etf > whose  kinetic  energy  is 

BB  J Xr 

K0EM  * -B?“2  (L-M) +E^1(J)~ED(m>L) 

%t-0 

where  E^J  “(IuM)  is  the  energy  of  the  final  (N-2)  -electron  system  with 
a hole  in  the  % orbital  and  in  the  m orbital,  and  the  equation  defines 
the  binding  energy  of  the  orbital  in  the  (N-l)  -electron  system  fron 
which  the  electron  was  ejected. 

In  Koopmans  theorem  approximation 

kto<  - VJ,*VJ,*V11 

where  e (L)  is  the  Hartree-Fock  energy  of  the  orbital  m of  the  system 
m 

with  a hole  in  the  orbital  %.  If  relaxation  energy  corrections  are 
included 


KJKL  * ej<^)“s|lCJ)-em(I*)+EH(L,M)-ER(J) 


I v . PBESEjQttNtt  PAGE  HIMU) 
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If  the  kinetic  energy  of  the  photoelectron 


BK(j)  * hv-c^-HE^j) 


is  sutostracted  from  R^,  the  Auger  Parameter  is  defined  by 


<xJ  » K 
JLM  JLW 


ek(d)  * 


* e^(j)  + £j“ej^Vr‘)+VL'M)~2EP(J)‘’hv 


The  Auger  parameter  was  defined  and  studied  by  Wagner11  to 
discuss  theoretical  and  experimental  data  related  to  effects  of 
extraatomic  relaxation  in  ER(J)  and  ER(L,M) . The  importance  of  the 
Auger  parameter  is  shown  when  studying  the  differences  (shifts)  among 
EK(j)  and  of  the  ion  in  different  solids  or  diffarant'-chemical  - 
environments.  Many  workers  have  shown  that  in  many  situations  where 
the  point  charge  electrostatic  model  is  approximate  enough,  the  shifts 
in  the  orbital  energies  due  to  valence  charge  transfer  (chemical 
shifts)  and  crystal  field  are  the  same  for  all  core  orbitals 


As .»Ae.»As  (L)»Ae, (j)®Ae . (J}*Ae 
3 £ m s,  j 

Intraatomic  relaxation  (roughly  chemical  environment  independent)  cancel 
out  in  AER  and  for  extraatomic  relaxation  due  to  electronic  polarizability 


AER(L,M)  » 4AEr(J)  = 4AER 


therefore 


ABr(3) 


tx 


Aa 


'JLM 

j 

JUi 


* »Ae+3ABR 

• 2AB 

°*a 
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Thus  measuring  Auger  parameter  shifts  in  XPS  allows  us  to  measure  the 
oxtraatomic  relaxation  energy  contribution  to  the  binding  energy  shifts , 
and  to  give  a more  accurate  computation  of  charge  transfer  or  ionicity. 
Very  often  ER  is  very  snail,  <1  eV,  and  A£r  even  smaller  and  hence  so 
many  tines  has  been  forgotten  in  the  literature  when  correlating 
binding  energy  shifts  with  valence  charge  transfer. 


APPENDIX  C 


THE  POINT  CHARGE  ELECTROSTATIC  MODEL 

in  the  point:  charge  electrostatic  raodt»:i  elm  coxa  al*«*rema  in 
the  ion#  am  considered  strongly  localized  (point  c.b^.cy«»)  and  so 
the  orbital  energies  are  anally  calculated  assuming  the  ion#  in  the 
classical  Coulomb  potential  of  the  crystal  or  Madelung  potential  *^/R 
whore  R la  the  nearest  neighbor  distance  and  * is  an  scalar  closely 
related  to  the  Made  lung  constant.  So,  if 


*?«> 


•r  - b"b> 


for  th*  free  ion,  than 


■?«> 


/I  „ Il  » «»,« 
bj  T er  (j) 


for  the  ion  in  the  crystal,  q being  the  charge  in  the  ion.  Whan 

writing  a repulsion  potential  term  or  wave  function  renormalization 

into  the  smaller  space  in  the  solid,  has  bean  neglected.  This  term 

has  been  calculated  to  be  about  1 eV  or  smaller  for  alkali  halides. 

F'or  alkali  antimonidea  it  is  even  smaller. 

XI 

The  relaxation  term  E^  can  be  split  into  an  intraatoaiic 
relaxation  term  and  an  extraatomic  relaxation  or  lattice  term 
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In  the  point  charge  electrostatic  model  intraatomic  relaxation  energy 
Cor  the  free  ion,  the  ion  in  the  crystal  and  the  fi.ee  atom  are  all 
approximately  the  same  for  all  core  orbitals,  and  thus 
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The  extraatomic  or  lattice  relaxation  tern,  is  due  to  the  relaxation 
of  the  electronic  charge  ou  the  other  ions  ta  the  lattice  towards  the 
core  hole  created  by  photoeniission Only  electronic-  polarization 
should  be  considered  because  of  .-iis  time  settle  of  the  photoem.ssion 
process,  about  JO  sec.  The  relaxation  term  clue  to  lattice  electronic 
polarization  is 


2 


(1 


2 


where  e is  the  dielectric  constant  for  optical  frequencies,  i.e., 

2 

e* n , n = refractive  index,  and  r is  the  effective  polarisation  radius 
of  the  ion  which  should  be  of  the  order  of  the  interatomic  distance  R.. 


r 0.6R  for  cations 

r 0.2R  for  anions 


in  alkal;.  halides 


*n  the  sau-.e  approximation,  for  the.  Auger  electrons 


k£m  - + 4 + ERa'M)-ERCJ) 
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whexo  XX  stands  for  the  inn  in  the  crystal,  PI  *or  the  fro*  ion,  ar.i 
'2^(L,ii)  is  ta«  electronic  polarization  of  the  crystal  )_.f.tice  towards 
the  two  Holee  in  the  1 and  a.  orbitals.  in  the  point  chare®  o.i uctro- 
stati c.  modal  polarisation  energies  are  orbital  independent  and 
proportional  to  the  square  of  the  charge  and 
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Wfcin  putting  together  in  a solid  anions  ind  nations  oi:  net  too 
large  electronegativity  differences  oh  are  is  always  so valence 
electron  redistribution  b<atwsaii  opposite  ions  and  toted,  ionicity 
ce^not  be  aasuoed  - In  a ?l‘3t  approximation 
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where  Jc  is  the  two-electron  integral  between  core  and  valence  electrons. 
In  tiie  point  charge  approximation  x.  lit  assumed  to  op  independent  of 


crvsfca l structuro , i„e.;  the  valence  .-.large  Aq  oh  the  ion,  ia  treated 
classically  as  screening  charge  sy.  Metrically  distributed  at  a valence 

O 

shell  radius  r ■«  Id, A A eV/e  (1/k)  , where  the  correspondin'-'  coupling 
constant  is  given.  In  this  first  approximation  fc  can  be  calculated 
t'/'oa  the  free  ic.i  and  abort  values 


k * (£aI  “ 4)/q 


where  q is  the  charge  in  the  free  ion.  The  Auger  electron  energy  i3 
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aid  the  Auger  parameter  is  given  by 


XI  A 

a » a . 
j JLM  jJLM 


+ 2E 


L 

R ' 


It  should  be  pointed  out  that  for  ionic  solids  the  electron 
binding  energy  shifts  with  respect  the  atomic  state  are  very  small 
even  if  Aq  is  very  large.  It  is  well  known  that  for  most  crystalline 
s'  luctures  the  Madexung  crystal  potential 

t>  'v  (1.7+0. 5)  x 14.4  A eV/e 


and  since  the  valence  shell  rauiun  'v  R/2 , ther  'fore  the  chemical 


shif 


Aq(k.  - ^ Aq(i x 14.4  A eV/e 

«V  UK 
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la  of  the  order  of  1-3  aV,  in  spits  of  kAq  being  of  the  ocder  of  10  eV. 
Thin  also  shows  that  in  any  valence  charge  transfer  calculation,  even 
if  the  binding  energy  shift  and  ; polarization  energy  are  known  to  within 
an  eV,  the  error  in  Aq  nay  becruaa  about  2Q%. 
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MADELUNG  CRYSTAL  FIELD  FOR  THE  CUBIC  D03  STRUCTURE 

The  Madelung  potential  infinite  sum  for  the  DO , lattice 
cam  be  rearranged  in  three  infinite  sums,  each  one  corresponding  to 
a lattice,  NaCl  or  cubic  ZnS,  whose  Madelung  constant  is  known. 

Details  of  the  calculation  will  not  be  given  in  this  summary. 

Referring  to  Na^KSb,  Fig  1.1,  the  constant  * in  the  Madelung 
potential  fl/R,  has  the  values,  for  R»  3"/4, 

■ - 1.514  — + 3.276  ~a 
Sb  ^b  qSb 


Sla 

a m 1.514  - 0.248  — 

k q* 


« » 1.763 


(units s 14.4  eV.A/e  ) 

(a 'a  - ion  valence  changes) 


Since  qgb«  *nd  assuming  qR» 


B - 1.596 
5b 


» - 1.266 


a - 1.763 
Na 


The  unusual  »tdall  value  of  the  Madelung  potential  at  the  cation 
octahedral  site  , K in  Ma^XSb,  is  due  to  the  largedistance  from  Sb  ions 
and  to  the  eight  cation  nearest  neighbors.  This  represent  a difference 
of  about  2 ev  in  the  Madelung  energy  between  the  two  cation  sites, 
not  found  in  any  other  ionic  compounds. 


